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INTRODUCTION
Infertility is a global condition with a prevalence that shows significant geographic 
and ethnic variability (Bahamondes and Makuch, 2014; Boivin et al., 2007; Inhorn 
and Patrizio, 2015). As infertility rates grow and societies develop, there is an increas-
ing demand for new technologies for treatment. For this, it is essential to have a deep 
understanding of the basic science underlying human reproduction.
For couples unable to conceive because of limited production of spermatozoa or oo-
cytes, independent of environmental or biological causes, the possibility to derive 
gametes from (pluripotent) stem cells is seen as a potential alternative. Much of the 
work described in this thesis contributes to the knowledge necessary to achieve this 
goal. 
Primordial germ cells (PGCs) are the highly specialized cells that give rise to the male 
and female gametes, the spermatozoa and oocytes respectively. Insight into the devel-
opmental origin, differentiation and maturation of human PGCs is thus essential to 
understand many infertility disorders as well to establish in vitro methods that could 
allow the production of functional gametes from stem cells. 
Although much is known about the biology of PGCs in laboratory animal models 
like mice and chicken, in humans many questions remain unanswered mainly due to 
the ethically sensitive nature of research on human embryos and the scarcity of the 
embryonic material available. In this context, it is crucial to understand how pluri-
potency and early lineage choices are regulated in stem cells during in vitro culture 
and exactly how this corresponds to early embryonic development. This will help to 
establish and optimize in vitro protocols to differentiate pluripotent stem cells into 
PGCs with high efficiency and promote their maturation, and thus provide a robust 
scientific basis for the success of these techniques.
ORIGIN, SPECIFICATION AND MIGRATION OF PRIMORDIAL GERM CELLS: OF MAN 
AND ANIMAL MODELS
PGCs, as mentioned above, are the highly specialized cells that give rise to the gam-
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etes. They are the vehicle through which genetic and epigenetic information is passed 
from one generation to the next (Nikolic et al., 2016). The mechanisms through 
which PGCs are specified, migrate and develop, firstly outside- then inside the go-
nads, differs between species. 
There are two main mechanisms thought to underlie  the development of PGCs: 1) 
Preformation – where germ cell precursors are defined by maternal factors (germ 
plasma) contained in the egg; and 2) Epigenesis, where germ cell fate is induced de 
novo during embryonic development (Lesch and Page, 2012; Strome and Updike, 
2015).
Preformation has been documented in the fruitfly and in chicks, among others (Gavis 
and Lehmann, 1992; Sinsimer et al., 2011; Tsunekawa et al., 2000). In the chick, cells 
expressing the germ cell marker CVH (chicken vasa homologue) are identifiable 
from the first embryo cleavage onwards as a cluster of CVH positive cells localized in 
the centre of the blastocyst at stage V (Eyal-Giladi and Kochav, 1976; Tsunekawa et 
al., 2000) (Fig. 1A). Epigenesis is a process common to all mammals, but it has also 
been described in the axolotl (Johnson et al., 2011). 
In the mouse, competence for the generation of germ cells (mPGCs) is set at embry-
onic day (E) 6.0-E6.5 in the proximal epiblast adjacent to the extra-embryonic ecto-
derm (ExE) (Lawson et al., 1991) (Fig. 1B). This initial population can be identified 
by expression of Fragilis/Ifitm3. Fragilis is considered the first gene to mark the onset 
of competence for the PGC fate (Saitou et al., 2002). Nevertheless, not all Fragilis+ 
cells are bona fide germ cells:  from this initial niche, about 6 cells begin to express 
Blimp1/Prmd1 and these are considered the mPGC pre-precursors or pre-PGCs (Sai-
tou et al., 2005). Fragilis+/Blimp1+ cells undergo specification and start to express 
Prdm14, Ap2-γ/Tfap2c and Stella/Dppa3 at E7.25-E7.5 and acquire their character-
istic alkaline phosphatase activity (encoded by Tnap). These cells are considered the 
founder mPGCs (Hayashi et al., 2007; Magnúsdóttir et al., 2013; Yamaji et al., 2008). 
The specified mPGCs are positive for Oct4 (due to their epiblast origin) and start to 
re-express pluripotency associated genes such as Sox2, Nanog and Sall4 (Ohinata et 
al., 2005; Yabuta et al., 2006; Yamaguchi et al., 2005; Yamaguchi et al., 2015) and later 
other PGC markers like Nanos3 and Dnd1 (Cook et al., 2009; Sakurai et al., 1995; 
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Suzuki et al., 2008). After specification, mPGCs start to migrate towards the future 
gonads via the endoderm epithelium of the hindgut, reaching the mesentery at E9.5 
and colonizing the genital ridges at E10.5 (Denis, 1994; Molyneaux et al., 2001; Rich-
ardson and Lehmann, 2010) (Fig. 1B). During migration, PGCs undergo prolifera-
tion and epigenetic reprogramming characterized by genome-wide demethylation, 
X chromosome reactivation (in the females) and the erasure of genomic imprinting 
(Denis, 1994). mPGCs start to express c-Kit and Ssea-1 during this migratory phase 
(Anderson et al., 2000; Mintz and Russell, 1957; Pelosi et al., 2011; Pesce et al., 1997). 
Contrary to the mouse, chick PGCs accumulate in the extra-embryonic mesoderm 
and migrate through the vascular system from the anterior to the posterior axis of the 
embryo (De Melo Bernardo et al., 2012) (Fig. 1A).
In human, studies on the origin and development of PGCs are limited due to the 
ethically sensitive nature of the material and its scarcity at the developmental stag-
es that PGCs are formed, particularly with respect to the induction of competence, 
specification and migration. The timing of establishment of competence for PGC dif-
ferentiation and the embryonic origin of the PGC founder population in the human 
embryo is presently unknown. 
Mouse and human pre-implantation development is morphologically similar, al-
though there are important differences regarding timing, gene expression and factors 
regulating lineage differentiation (Blakeley et al., 2015; De Paepe et al., 2014; Niakan 
and Eggan, 2013). After implantation, the mouse embryo develops as an egg cylinder 
with proximal-distal and anterior-posterior axis while the human embryo develops 
as an embryonic disc structure (Hertig et al., 1956; Tam and Behringer, 1997). Recent 
studies in pig embryos, in which peri-implantaton embryonic development is closer 
to human than the mouse, show that competence for porcine PGC differentiation 
is set initially in the posterior end of the nascent primitive streak (Kobayashi et al., 
2017). In the cynomolgus monkey, cyPGCs were identified prior to gastrulation, at 
E11, in the dorsal amnion (Sasaki et al 2016). Although this is an important cue, fur-
ther studies are necessary to determine when, where and how PGC fate is specified 
in the human embryo. The earliest time point in human development in which hu-
man PGCs (hPGCs) have been identified is week 3 (W3, developmental age), where 
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Figure 1 – Different origins and migration routes of primordial germ cells. A) In chicken, primordial germ cell 
(PGC) fate is passed via germ plasma in the egg. At the beginning of gastrulation (stage X), the primitive streak de-
velops and the cPGCs (chicken PGCs) are localized in the anterior region (A) where the germinal crescent is formed. 
Later at HH10, cPGCs localize at the anterior region of the head. cPGCs migrate from the anterior to the posterior 
(P) region of the embryo via the anterior vitelline veins where they traffic via the aorta and become allocated in the 
genital ridges (HH15). B) In mouse, BMP4 and BMP8b from the extraembryonic ectoderm (ExE) and BMP2 from 
the primitive streak induce PGC competence at the posterior part of epiblast adjacent to the extra-embryonic ec-
toderm at E6.5. mPGCs localized adjacent to allantois start migrating from the posterior to the anterior part of the 
embryo via the hindgut at E9.5, reaching the genital ridges at E11.5. C) In the human embryo, the origin of the signals 
that induce PGC competence is unknown, although it is believed that, similarly with the mouse, BMP4, BMP8b and 
BMP2 are necessary. hPGC competence is thought to be initiated around gastrulation (W3 of embryonic develop-
ment, day 12-16 after fertilization) at the posterior part of the embryo, where the primitive streak is formed. At W5 
hPGCs are located at the endoderm of the yolk sac wall near the allantois. They migrate via the midgut and hindgut 
endoderm and later in the dorsal mesentery to colonize the gonadal ridges around W8. At W10 hPGCs are encapsu-
lated in the gonads. PS – primitive streak; ht – heart; sm – somites; ExE – extra-embryonic ectoderm; PrE – primitive 
endoderm; Epi – epiblast; am – amnion; all – allantois; lb – limb; UC – umbilical cord.
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hPGCs have been recognized by their morphology and alkaline phosphatase activity 
in the extra-gonadal region of the developing embryo, more specifically in the endo-
derm of the yolk sac wall near the allantois (Witschi, 1948). hPGCs have been shown 
to migrate via the midgut and hindgut endoderm and later in the dorsal mesentery to 
colonize the gonadal ridges around W8 (De Felici, 2013) (Fig. 1C). The law in many 
countries prohibits studying human development in cultured embryos beyond day 
14 (when gastrulation is thought to initiate in humans). Around this time, hPGC 
competence and specification should occur, but so far this is a “black box” in human 
embryonic development. In this thesis, the emergence of pre-PGC and PGC popula-
tions in the human embryo during extended in vitro blastocyst culture was investigat-
ed. A detailed examination of day 12 post-fertilization (dpf, W2) epiblast outgrowth 
showed that, amongst other lineages, epiblast outgrowths contain PGC precursors. 
Moreover, the migratory path of hPGCs in the aorta-gonad-mesonephros region of 
a Carnegie stage (CS)12-13 human embryo (corresponding to W4.5) was confirmed. 
An extensive characterization of the expression of a panel of 31 markers in hPGCs at 
this stage was also provided.
ARRIVAL AND COLONIZATION OF THE GONAD: BRAVE NEW WORLD
After initial colonization of the gonad by E10.5, mPGCs undergo mitotic division 
until E12.5 (Tevosian et al., 2002). By this time, Dazl and Mvh/Ddx4 are upregulated 
(Haston et al., 2009; Tanaka et al., 2000) and mPGCs lose expression of early germ 
cell and pluripotency associated markers like Blimp1, Dppa3, Oct4, Sox2, Nanog and 
Tnap (Bullejos and Koopman, 2004; Hu et al., 2015; Kimura et al., 1999; Pesce et 
al., 1998). After colonization of the human gonadal primordium around W8, DAZL 
and DDX4 start to become upregulated at W12, while OCT4 expression decreases. 
DAZL, VASA and OCT4 then become mutually exclusive (Anderson et al., 2007; 
Heeren et al., 2016). While in the mouse meiosis entry is relatively synchronized and 
occurs in a wave (Bullejos and Koopman, 2004; Kimura et al., 1999), in human this 
process is asynchronous (Gkountela et al., 2013; Heeren et al., 2016). More recently, 
with advances in technology and access to human foetal gonads with ages varying 
from W7-W20, the transcriptome and epigenome of hPGCs has been investigated 
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by sorting hPGCs from embryonic somatic tissue using surface markers (Gkountela 
et al., 2013; Gkountela et al., 2015; Guo et al., 2015). However, unless the analysis is 
made at the single-cell level, there is a loss of resolution and power using this ap-
proach, considering that the human gonad is inhabited by different populations of 
PGCs (Gkountela et al., 2013; Heeren et al., 2016). 
PROTECTING PGC INTEGRITY: GUARDIANS OF THE GENOME
During development, PGCs undergo a series of epigenetic reprogramming waves 
where epigenetic marks, global DNA methylation and sex-specific methylation 
are erased and re-established later (Cantone and Fisher, 2013; Kimmins and Sas-
sone-Corsi, 2005). Throughout this period, when global DNA methylation is low, 
the genome is particularly vulnerable to random integration by repetitive transpos-
able elements (TE) that are usually repressed by DNA methylation (Yang and Wang, 
2016b). Besides DNA methylation, another strategy to avoid this is silencing by deg-
radation of TE transcripts (Yang and Wang, 2016a). This is achieved in complexes of 
PIWIL (P-element induced wimpy testis-like) proteins with small no-coding RNA, 
known as piRNA, that form piRNA-induced silencing complexes (piRISC) (Aravin 
et al., 2008; Kuramochi-Miyagawa et al., 2008; Siomi et al., 2011). piRISC recognize 
and cleave target (TE) transcripts with complementary sequences to the loaded piR-
NA. Mice have 3 PIWI-like protein paralogues (PIWIL1/MIWI, PIWIL2/MILI and 
PIWIL4/MIWI2), while humans have one extra PIWIL protein, PIWIL3 (Roovers 
et al., 2015). Mutations in PIWIL proteins in mice have been associated with defects 
in meiosis specifically in the male germline, while females remain fertile [reviewed 
in (Juliano et al., 2011)]. Specific haplotypes in PIWIL4 and 3 together with hyper-
methylation of the PIWIL2 promoter have been associated with infertility in humans 
(Gu et al., 2010; Heyn et al., 2012; Munoz et al., 2014). Despite the prominent role 
in male gametogenesis, expression of the different PIWIL proteins during male and 
female development in humans has not been systematically investigated. It has been 
shown recently that PIWIL2 is present in the cytoplasm of early POU5F1-positive 
germ cells as well as in late DDX4-positive germ cells in second trimester human fetal 
ovaries (Roovers et al., 2015). Understanding the expression patterns of the PIWIL 
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proteins during human gametogenesis will provide important clues for the gener-
ation of PGCs in vitro, especially because of the prominent role of these pathways 
during meiosis. In this thesis, the expression pattern of PIWIL1, PIWIL2, PIWIL3 
and PIWIL4 in human female and male first and second trimester gonads and during 
spermatogenesis was investigated. An important dynamic and sex-specific expres-
sion pattern of PIWIL proteins during human gonadal development was uncovered.
SIGNALLING IN VIVO AND IN VITRO GERM CELL DEVELOPMENT
In mice, PGC induction is initiated by BMP (Bone Morphogenic protein) signals 
originating in the ExE and proximal visceral endoderm (VE) (de Sousa Lopes et al., 
2004). BMP4 and BMP8b from the ExE together with BMP2 from the VE induce 
the expression of Blimp1 (de Sousa Lopes et al., 2004; Ohinata et al., 2008; Ying and 
Zhao, 2001). BMP signalling is essential for the induction of PGC fate since muta-
tions in BMP4, BMP8b, SMAD1 and SMAD5 result in impaired PGC development 
in vivo (Chang and Matzuk, 2001; Hayashi et al., 2002; Lawson et al., 1999). Similarly, 
protocols aiming to generate mPGCs from stem cells in vitro require, among other 
things, the addition of BMP4 and BMP8b (Hayashi et al., 2011). These protocols were 
successful in generating PGC-like cells (PGCLCs) that resembled mPGCs in vivo. 
These PGCLCs could undergo gametogenesis leading to the formation of function-
al sperm and eggs, although meiotic-entry was only accomplished after co-culture 
with gonads depleted of germ cells (Hayashi et al., 2012; Hayashi et al., 2011). These 
studies advanced the field and lead to protocols to generate human PGC-like cells 
(hPGCLCs) (Irie et al., 2015; Kobayashi et al., 2017; Sasaki et al., 2015). The majority 
of these protocols relied on the comparison of gene expression between the newly 
generated hPGCLC, hPGCs from young foetal gonads, mPGCs and mPGCLCs, but 
direct comparison with hPGCS of younger developmental stages, both migratory 
and early post-migratory, is lacking. 
Conventional hESCs (human embryonic stem cells) cultured in FGF2-contain-
ing medium have low germline competence, but when grown in 4i (4 inhibitors: 
CHIR99021, PD0325901, SB203580 and SP600125) and treated with BMP4 or BMP2, 
Book 1.indb   7 30/08/2018   17:39:32
8
|Introduction
they efficiently differentiate giving rise to hPGCLC (Irie et al., 2015). An alternative 
protocol requires an intermediary step, where conventional hPSCs are differentiated 
to incipient mesoderm-like cells (iMeLCs)/pre-ME via combined action of Activin A 
and WNT signalling agonist CHIR99021 (Kobayashi et al., 2017; Sasaki et al., 2015).
According to these studies, hPGCs and hPGCLCs have a similar global transcription-
al profile with the expression of PRDM1, TNAP, DDPA3, TFAP2C, NANOS3, KIT, 
NANOG, POU5F1, KLF4 and, surprisingly, some lineage associated genes that were 
shown to be important to hPGCs specification like SOX17. SOX17 and KLF4 are spe-
cifically expressed in the human, but not in the mouse germ cell lineage, while SOX2 
and PRDM14 are specifically expressed in mPGCs and not in hPGCs and hPGCLCs 
(Gkountela et al., 2015; Guo et al., 2015; Guo et al., 2017; Irie et al., 2015; Kobayashi 
et al., 2017; Perrett et al., 2008). Subsequently, it was demonstrated that in the 4i 
condition, there is upregulation of mesodermal genes and that hESCs and hiPSCs 
(human induced pluripotent stem cells) with early mesodermal characteristics differ-
entiate into hPGCLCs with high efficiency (Irie et al., 2015; Sasaki et al., 2015). This 
suggests that, in contrast to mice, hPGCs might be of mesodermal origin, though 
this hypothesis conflicts with the role of SOX17 in hPGCs specification (endodermal 
marker) and needs to be further investigated. SOX17, BLIMP1 and TFAP2C were 
also upregulated during the in vitro acquisition of competence for PGC fate of cyno-
molgus monkey pluripotent stem cells (Kobayashi et al., 2017), suggesting that there 
is a conserved mechanism between primates, although more thorough molecular 
studies need to be performed to confirm this hypothesis. 
Despite the recent advances in knowledge regarding human PGC specification and 
differentiation that resulted in the establishment of in vitro protocols for the deri-
vation of hPGCLCs, many of the markers that are currently used to assess differen-
tiation and to sort pure populations of human PGCs are not uniquely expressed in 
germ cells. In addition, their expression has never been validated in the earlier stages 
of human development, in particular markers associated with migratory and early 
post-migratory germ cells. 
In order to address this question and provide a toolbox to help evaluate protocols 
for in vitro hPGC induction, the expression of several markers that are currently 
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used to assess hPGCLC differentiation in early human embryos, where the gonad-
al primordium has just been colonized, was systematically studied and validated in 
this thesis. “Classic markers” like TNAP and cKIT were shown to be expressed in 
other cell types of the aorta-mesentherium-gonad region (AGM), highlighting that, 
to precisely identify hPGCS at this developmental stage, the correct combinations of 
markers are essential.
Nevertheless, the successful generation of gametes in vitro depends on understand-
ing not only the early events of gametogenesis, but also on how the somatic gonadal 
compartment acts to direct sex determination, to induce meiosis and germ cell mat-
uration. At this point, the niche requirements dramatically differ between sexes. In 
a recent paper by Li and colleagues (Li et al., 2017), single-cell sequencing of both 
somatic and germ cell compartments identified reciprocal BMP and Notch signalling 
between female germ cells and their niche cells. In the male compartment, the BMP 
ligand AMH was highly expressed in Sertoli cells, while granulosa cells, in the female 
gonad, specifically expressed BMP2. 
Another important cell type, particularly for folliculogenesis, is the theca cell lineage, 
which appears when the follicles became secondary follicles (Fumikazu and Toshiro, 
1994). These cells provide structure, support and nutrients while the follicle matures 
and most importantly synthetize androgens and estradiol, amongst others (Hillier et 
al., 1994). In the mouse, theca cells are thought to originate from Wt1 positive cells 
indigenous to the ovary and mesenchymal cells that migrate from the mesonephros 
(Liu et al., 2015). The developmental origin of these cells in humans is, at the mo-
ment, still unknown. 
Understanding and perhaps mimicking in vitro the development of granulosa cells, 
theca cells and Leydig and Sertoli cells, in the female and male, respectively, is one of 
the keys of success for in vitro gametogenesis.
RE-STARTING THE CYCLE: EARLY MOUSE EMBRYONIC DEVELOPMENT
Fusion of a mature oocyte with a sperm cell results in the formation of the zygote 
(Day 0 – E) and the life-cycle of an organism and of germ cells starts again. The zy-
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gote has the ability to generate all the cells of the embryo including the extra-embry-
onic tissues, essential for supporting proper embryonic development. The zygote is 
therefore referred to as totipotent. After a series of cleavage divisions, a morula (4-16 
cells) is generated (E2.0 – E2.5). The morula can still give rise to all extraembryonic 
and embryonic tissues and is thus still considered totipotent. At the 32-cell stage, 
the morula undergoes a process called compaction followed at E3.0 by “cavitation”, 
the formation of a cell-free cavity in the middle. At E3.5 the blastocyst possess a dis-
tinctive inner cell mass (ICM) and an outer layer of trophectoderm cells (TE) (E3.5) 
(Cockburn and Rossant, 2010; Gasperowicz and Natale, 2011) (Fig. 2A). Expression 
of the transcription factor Cdx2 directs TE differentiation while ICM fate is directed 
by Oct4 expression (Niwa et al., 2005; Strumpf et al., 2005). At this stage, the ICM can 
only give rise to the embryonic germ layers (ectoderm, endoderm and mesoderm) 
and it is then referred to as consisting of pluripotent cells (Suwińska et al., 2008). At 
Figure 2 – Mouse early embryonic development and lineage choices. A) Overview of mouse early embryonic de-
velopment from the moment of fertilization, E0, until the onset of gastrulation and the appearance of the primitive 
streak (PS) at E6.5. B) Main lineage choices and transcription factors that regulate those choices in the pre-implan-
tation mouse embryo. CDX2 drives trophectoderm (TE) differentiation while OCT4 keeps pluripotency in the inner 
cell mass (ICM). Later, GATA6 drives primitive endoderm (PrE) fate while NANOG positive cells originate the 
epiblast (Epi). The epiblast will originate all the germ layers that compose the embryo (primordial germ cells, meso-
derm, endoderm, ectoderm). TE – trophectoderm; ICM – inner cell mass; Epi – epiblast; PrE – primitive endoderm; 
ExE – extra-embryonic ectoderm; PS – primitive streak.
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E3.75, the ICM is composed of two distinct populations of cells: Gata6+ and Nanog+ 
cells. Gata6+ cells are the primitive endoderm progenitors (PrE) that at around E4.0 
segregate and give rise to a layer of PrE cells located between the blastocoel cavity 
and the epiblast (Epi, Nanog+) (Chazaud et al., 2006; Schrode et al., 2014) (Fig. 2B). 
Thereafter, at E5.0 implantation and formation of the egg cylinder begins and the 
anterior-posterior axis of the embryo is defined at E5.5. Gastrulation, during which 
the three embryonic germ layers form, begins at E6.0 (Fig. 2A). The epiblast loses its 
functional pluripotency around E8.0 (Kojima et al., 2014; Najm et al., 2011; Osorno 
et al., 2012). At this point, cells become multipotent, thus can only give rise to deriv-
atives of their own lineage; they are then considered ”lineage-restricted” (Tam and 
Behringer, 1997).
EMBRYONIC STEM CELLS
Mouse embryonic stem cells (mESCs) were first established from the ICM of an E3.5 
blastocyst in 1981 (Evans and Kaufman, 1981; Martin, 1981). These cells have an un-
limited capacity for self-renewal during in vitro culture; they can be expanded clon-
ally and retain pluripotency and so are capable of generating all the cells of the adult 
body in chimeras (Smith, 2006). Their characteristics in culture also reflect their bio-
logical origin: they express ICM associated genes such as Oct4, Nanog and Sox2 and 
can be differentiated in vitro into derivatives of mesoderm, endoderm and ectoderm, 
but they do not form TE cells (Loebel et al., 2003; Tang et al., 2010). Pluripotency of 
mESCs is usually demonstrated through two classical in vivo experiments: when in-
jected into immunodeficient mice they are capable of generating tumours containing 
derivatives of the 3 embryonic germ layers called teratomas (“teratoma assay”) and 
can form chimeric offspring with contribution to the germline when injected into a 
blastocyst-stage embryo or aggregated with embryos at the morula stage.
STATES OF PLURIPOTENCY IN VITRO
The first in vitro culture methods for mESCs involved the conditioning of medium 
by teratocarcinoma stem cell lines as the main source of growth factors (Evans and 
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Kaufman, 1981; Martin, 1981). Later, it was demonstrated that the cytokine leukemia 
inhibitory factor (LIF) was one of the growth factors required for mESC self-renewal 
and to inhibit differentiation (Smith et al., 1988; Williams et al., 1988). LIF signals 
through the JAK-STAT (Janus kinase-signal transducer and activator of transcrip-
tion) pathway, particularly the JAK/STAT3 axis (Boeuf et al., 1997; Niwa et al., 1998). 
Nevertheless, even though LIF could replace mitotically inactive fibroblasts, mouse 
embryonic fibroblasts (MEFs) and fetal calf serum (FCS) were usually still required 
as the source of other important growth factors. mESCs derived from the E3.5 ICM 
and grown in LIF and serum are referred to as naïve pluripotent stem cells. They 
differ from another type of pluripotent mouse embryonic stem cells derived from the 
E5.5 post-implantation epiblast, which are referred to as mouse epiblast stem cells 
(mEpiSCs). Despite being pluripotent in vitro, mEpiSCs do not give rise to germline 
chimeras, thus are considered to be in a primed state (Han et al., 2010; Nichols and 
Smith, 2009). mEpiSCs require Activin A and Fibroblast Growth Factor 2 (FGF2) to 
maintain pluripotency rather than LIF and serum (Brons et al., 2007; Nichols and 
Smith, 2009). mESCs cultured in the presence of MEFs and serum show a high de-
gree of heterogeneity and transit between the naïve and primed pluripotency states 
Figure 3 – Different types of mouse embryonic 
stem cells. Pluripotent cell lines can be derived from 
the inner cell mass (ICM) of the mouse blastocyst or 
from the epiblast (Epi) of an early-implantation em-
bryo. These lines reflect their embryonic origin and 
have different signalling requirements. Naïve mouse 
embryonic stem cells (mESCs) are LIF dependent. 
While ground state mESCS are a more homogene-
ous population of cells closely resembling the E3.5 
ICM and with low expression of early lineage mark-
ers, FCS+MEFs mESCs are composed by different 
subpopulations with expression levels that fluctu-
ate between the blastocyst and the primed epiblast. 
FCS+MEFs mESCs also require a layer of mitotically 
inactive fibroblasts (mouse embryonic fibroblasts, 
MEFs) to grow while ground state mESCs are MEF-
free. Epiblast embryonic stem cells (EpiSCs) are 
FGF-dependent and have one inactivated X chro-
mosome (Xi) contrary to the two active X (Xa) in 
naïve mESCs (reflecting the X status of the ICM and 
epiblast). Although EpiSCs can differentiate into the 
three germ layers in vitro they do not generate chi-
meras and have lower clonogenicity naïve mESCs.
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(Sasai et al., 2013; Trott and Martinez Arias, 2013). In addition, in the absence of se-
rum, LIF alone is not enough to block mESC commitment to differentiation. A sem-
inal finding was that this is bypassed by the addition of two selective small-molecule 
inhibitors (called 2i): CHIR99021 and PD0325901. CHIR99021 acts by inhibition of 
glycogen synthase kinase 3 beta (GSK3βi) and consequently activation of the WNT/
beta-catenin signalling pathway and PD0325901 is a specific inhibitor of extracellular 
signal‐regulated kinase (ERK1/2)/mitogen‐activated protein kinase (MAPK) signal 
transduction pathway (Ying et al., 2008). mESCs under LIF+2i can be maintained 
in culture without serum and MEFs. They have become referred to as being in the 
ground state (Fig. 3). The identification of this ground state permitted not only the 
maintenance of mESCs under more defined culture conditions but also allowed the 
derivation of mESCs from “non-permissive” mouse strains such as C57Bl6 (Blair et 
al., 2011). Ground state mESC are phenotypically more homogeneous, show lower 
DNA methylation and lower expression of lineage-associated genes, thus they are 
closer to E3.5 ICM cells (Habibi et al., 2013; Marks et al., 2012). mPGCLCs with 
full competence for the generation of viable progeny have successfully been gener-
ated from mouse stem cells but only via an intermediate differentiation step towards 
the epiblast (Hayashi et al., 2012; Hayashi et al., 2011). Therefore understanding the 
foundations of pluripotency and how different pluripotent states interconvert is of 
extreme importance if one is to understand how early lineage differentiation is reg-
ulated.
HUMAN EMBRYONIC STEM CELLS AND PLURIPOTENCY STATUS
The first human embryonic pluripotent stem cells were derived in 1998 and were ini-
tially maintained in MEFs and serum (Thomson et al., 1998). Although derived from 
the same embryonic origin, hESCs display a primed pluripotency and thus show 
important differences to naïve mESCs: flattened colonies that were highly sensitive 
to single-cell passage; different associated pluripotent markers like SSEA-3, SSEA-4, 
TRA-1-81 instead of SSEA-1; different signalling requirements, dependency on FGF/
TGFβ instead of LIF/Stat3 and an inactive X (Nichols and Smith, 2009; Vallier et al., 
2005). 
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The similarities between mEpiLCs and hESCs suggest that the isolated human ICM 
displays a more advanced embryonic state, acquiring an EpiSC-like signature. In fact, 
a post-ICM intermediate, the PICMI, has been identified during the transition from 
human ICM to hESCs in culture (O’Leary et al., 2012). After the identification of 
naïve, primed and ground states in the mouse, several efforts have been made to push 
hESCs into the ground state [reviewed in (Wu and Izpisua Belmonte, 2015)]. Most 
of these protocols included LIF+2i, but these alone where never sufficient to induce 
naïve pluripotency in hESCs (Chan et al., 2013; Duggal et al., 2015; Gafni et al., 2013; 
Hanna et al., 2010; Theunissen et al., 2014).
As mentioned previously, efficient in vitro differentiation of hPGCLCs cannot be 
achieved from conventional hESCs without an intermediary step (Irie et al., 2017; 
Kobayashi et al., 2017; Sasaki et al., 2015). This shows that understanding the initial 
pluripotency status of hESCs is a crucial key for the successful generation of germ 
cells in vitro. 
Similarly, understanding the gene regulatory networks in mouse naïve pluripotency 
will certainly help to draw parallels in hESCs.
GENE REGULATORY NETWORKS IN NAÏVE PLURIPOTENCY 
The core gene regulatory network associated with pluripotency in naïve stem cells is 
constituted of NANOG, SOX2 and OCT4 (Chambers and Tomlinson, 2009). It is the 
delicate transcriptional balance between these core regulatory genes that maintains 
pluripotency and prevents differentiation during in vitro culture of mESCs (Glauche 
et al., 2010; Li and Belmonte, 2017). Besides these core genes, other transcription fac-
tors such as Klf2, Klf4, Rex1, c-Myc, Prdm14, Sall4, Tfcp2l1, Esrrb, Tcf3, Gbx2, Dppa3 
and Tbx3 are also involved in the maintenance of pluripotency in naïve mESCs (Jiang 
et al., 2008; Kim et al., 2012; Martello et al., 2012; Scotland et al., 2009; Tai and Ying, 
2013; Varlakhanova et al., 2010; Waghray et al., 2015; Yamaji et al., 2013; Ye et al., 
2013). The balance between self-renewal and differentiation in mESCs is also regulat-
ed by factors that include Id1 and Dusp9. Both of these genes are downstream targets 
of the BMP signalling pathway (Li et al., 2012).
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BMP SIGNALLING, PLURIPOTENCY AND DIFFERENTIATION
BMP is part of the larger TGF-beta family. These proteins are involved in the regula-
tion of cell proliferation, differentiation and apoptosis, thus playing key roles during 
embryonic development and pattern formation (Massagué et al., 1994). The BMP-
SMAD canonical signalling pathway depends on the activation and subsequent het-
eromerization of its receptors by BMP ligands. There are two types of receptors: Type 
I (ActRIA, BMPRIA and BMPRIB) and type II (BMPRII, ActRIIA and ActRIIB) that 
mediate BMP signalling. Once activated by phosphorylation, the receptors activate 
downstream intracellular R-SMADs 1, 5 and 8 by phosphorylation. The activated 
R-SMADs form complexes with the common mediator SMAD4 which are translo-
cated to the nucleus where they bind to specific target sequences to regulate DNA 
transcription (Nohe et al., 2004) (Fig. 4).
BMP4 cooperates with LIF to promote self-renewal of mESC in serum-free condi-
tions by blocking neuronal differentiation; in the presence of LIF alone, mESCs un-
dergo neuronal differentiation (Li et al., 2012; Ying et al., 2003). On the other hand 
BMP alone induces mesoderm, endoderm and the trophoblast lineage (Zhang and Li, 
Figure 4 – Canonical BMP-
SMAD signalling. Upon bind-
ing by a BMP ligand, BMP type 
II receptors phosphorylate type 
I receptors. This drives the phos-
phorylation of Smad1/5/8 that 
form heteromeric complexes with 
Smad4. This Smad1/5/8 – Smad4 
complexes are then translocat-
ed to the cell nucleus and bind 
to target DNA motifs to control 
the transcription of target genes.
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2005) while LIF blocks mesoderm and endoderm differentiation (Ying et al., 2003).  
Since BMP signalling plays an important role in setting competence for PGC differ-
entiation in vivo, and since several protocols for the induction of both mouse and 
human PGCLCs require the activation of the BMP-SMAD pathway (Hayashi et al., 
2012; Hayashi et al., 2011; Hu et al., 2015; Irie et al., 2015; Lawson et al., 1999; Mag-
núsdóttir et al., 2013; Pelosi et al., 2011; Sasaki et al., 2015), in this thesis the role of 
BMP signalling in the maintenance of pluripotency during in vitro culture of mouse 
embryonic stem cells was studied. 
Aim And outline of this thesis:
This thesis aims to clarify and contribute to understanding human PGC develop-
ment. In order to achieve that, several critical points of the human germ cell devel-
opment were studied.
In Chapter 2 the possibility to use in vitro protocols for the extended culture of blas-
tocysts to recapitulate the specification of the human germ lineage is investigated. 
Due to ethical constraints, this important point in the life of an hPGC remains ob-
scure and much of what has been described in terms of how and when the germ 
lineage is specified is mainly speculative, based only on comparative studies. 
Similarly very little is known regarding the early specification of germ cells or their 
migration and gonadal colonization. Once again, studies of this period of develop-
ment are scarce. In Chapter 3 extensive characterization of hPGCs in the aorta-go-
nad-mesonephros (AGM) region of a human early embryo is performed. This aims 
to provide a toolbox to help evaluate in vitro early gametogenesis.
Another critical and poorly understood moment in the life of a human germ cell is 
meiotic entry and the events associated with it. During development, germ cells go 
through important epigenetic remodelling that can put their genomic integrity at 
risk. PIWIL/piRNA is a pathway that prevents the random integration of TE (trans-
posable elements). While this system is well characterized in animal models like the 
mouse, the expression dynamics of the PIWIL members in humans is unknown. In 
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Chapter 4 a comprehensive characterization of the PIWIL family during human 
germ cell development is performed.
Besides understanding the developmental trajectory of hPGCs, it is important to 
understand how pluripotency and early lineage choices are regulated in stem cells 
during in vitro culture in order to establish and optimize in vitro protocols to differ-
entiate pluripotent stem cells into PGCs. BMP signalling is implicated in the in vivo 
specification of PGCs. Chapter 5 describes how BMP signalling is implicated in the 
maintenance and early lineage choices in mouse embryonic stem cells.
Together, the work in this thesis contributes to the deeper understanding of the early 
life cycle of PGCs in humans and ultimately helps set the stage for their development 
from pluripotent stem cells in culture as it occurs in vivo. 
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ABSTRACT
Study question: Can human blastocyst outgrowths at day 12 post fertilization (dpf) 
serve as a suitable in vitro model for studying germ cell specification? 
Summary answer: We optimized a blastocyst outgrowth culture system to study the 
specification of human primordial germ cells (PGCs) at 12dpf.
What is known already: Capturing a glimpse of human peri-implantation develop-
ment has been achieved by extended in vitro blastocyst culture and human embryon-
ic stem cell (hESC) derivation. However, until now, the presence of germ cells has not 
been studied in such in vitro models. Current knowledge regarding the mechanisms 
of PGC specification in humans results solely from differentiation experiments start-
ing from human pluripotent stem cells.
Study design, size, duration: Blastocyst outgrowths obtained from cleavage stage 
embryos (N=392) were cultured until 6dpf. Blastocysts with a discernible inner cell 
mass (ICM) and grade ≥3 (N=141), were plated and cultured until 12dpf. Cultures 
were maintained in hypoxia, in medium supplemented with 100 ng/ml Activin A.
Participants/materials, setting, methods: To investigate germline lineage specifica-
tion, we utilised immunofluorescence alongside an improved culture system, com-
bining features of hESC derivation and extended in vitro blastocyst culture. 
Main results and the role of chance: We show that embryo quality traits significantly 
impact both outgrowth development and viability. Using a combination of selected 
antibodies, we were able to distinguish PGCs from epiblast and endoderm in 12dpf 
blastocyst outgrowths.
Limitations, reasons for caution: The limited number of human pre-implantation 
embryos and their variability regarding viability and development in vitro restricted 
the set of antibodies used. Aberrant development and the collapse of cavities in vitro 
may promote abnormal signalling between cells, which in vivo would not be found 
in close proximity. 
Wider implications of the findings: Our optimised extended embryo culture system 
will serve as a foundation for unravelling the molecular mechanisms that govern 
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PGC specification in humans. Moreover, future improvements of this culture system 
will provide a robust model for studying human implantation, a major bottleneck in 
IVF. Determining specific criteria, beyond morphological traits, to select for implan-
tation-competent blastocysts may ultimately improve clinical outcomes. 
Study funding/competing interest(s): This work was supported by Bijzonder 
Onderzoeksfonds (BOF 01D08114) to M.P.; Fundação para a Ciência e Tecnologia 
[FCT SFRH/BD/78689/2011] to M.G.F.; Innovatie door Wetenschap en Technologie 
[IWT 131673] to J.T.; Concerted Research Actions funding from Bijzonder Onder-
zoeksfonds (BOF GOA 01G01112) and Flemish Foundation of Scientific Research 
(FWO-Vlaanderen G051516N) to B.H.; and the De Snoo-van ‘t Hoogerhuijs Sticht-
ing to S.M.C.S.L. The authors declare no competing financial interests. 
Trial registration number: N/A
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INTRODUCTION
Primordial germ cells (PGCs), the precursors of sperm and oocytes are the only cells 
capable of passing (epi)genetic information to the next generation (Chuva de Sousa 
Lopes and McLaren 2013, Saitou and Miyauchi, 2016, Tang et al., 2016). Given their 
importance, specification of mammalian PGCs has been extensively studied in vivo 
and in vitro (Bertocchini and Chuva de Sousa Lopes, 2016). Recent studies in mon-
key (Sasaki et al., 2016) and pig (du Puy et al., 2011, Kobayashi et al., 2017) have 
added to the widely accepted view that the molecular mechanisms that regulate PGC 
specification during mammalian early development in vivo, are highly species-specif-
ic. However, due to the inherent inaccessibility of human peri-implantation embryos, 
there are no reports tracing the origin of human PGCs.
Studies investigating human PGC specification in vitro, starting from pluripotent 
stem cells, have revealed that although some transcriptional signals are evolutionary 
conserved (induction by BMP4 and WNT3, dependence on PRDM1 and TFAP2C 
expression), other signals such as the expression of SOX2 and SOX17 differ consid-
erably (Saitou and Miyauchi, 2016). It has been shown that the in vitro specification 
of human PGC-like cells (hPGCLCs) traverses through incipient mesoderm-like 
cells (Sasaki et al., 2015) or mesendoderm precursors (Kobayashi et al., 2017). Ex-
traembryonic mesoderm (or reticulated mesenchyme) emerges 10-12 days post fer-
tilisation (dpf) in human, several days prior to gastrulation and the formation of 
intraembryonic mesoderm at 15-16dpf  (Bianchi et al., 1993, Dobreva et al., 2010, 
Schoenwolf et al., 2014). Therefore, it is assumed that human PGCs are most proba-
bly specified between 10-16dpf.
A unique and invaluable glimpse of human peri-implantation development in vivo 
has been obtained from embryos belonging to the Carnegie collection (Hill, 2017, 
Schoenwolf, et al., 2014). In the mid-nighties, the morphology of those few available 
peri-implantation human embryos (Carnegie stage 5) was described in detail (Dam-
janov, 2014, Hertig and Rock, 1941, Hertig and Rock, 1945, Hertig and Rock, 1949, 
Hertig, et al., 1956) and it is from these embryos that our knowledge of implantation, 
cavitation and early lineage specification events originates (Bianchi, et al., 1993, Do-
breva, et al., 2010).
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In vitro, early signs of human peri-implantation development were initially captured 
during human embryonic stem cell (hESC) derivation. During the formation of blas-
tocyst outgrowths, around 12dpf, a compact flattened structure of densely packed 
epithelial-like cells, coined the post inner cell mass intermediate (PICMI) proved 
necessary for the derivation process (O’Leary et al., 2012, O’Leary et al., 2013). The 
PICMI contained around 30 POU5F1+ epiblast-like cells, alongside a population 
of GATA6+ endoderm-like cells and often showed a surrounding crescent-shaped 
cavity reminiscent of the yolk sac cavity (O’Leary et al., 2012, O’Leary et al., 2013). 
Recently, several studies have further characterised the self-organising properties of 
human blastocyst outgrowths, containing a PICMI, focusing on epiblast expansion, 
trophectoderm diversification and cavity formation (both amniotic and yolk sac) 
(Deglincerti et al., 2016, Shahbazi et al., 2016, Shahbazi et al., 2017). The unique 
transcriptional signature of the PICMI encompassing germ cell marker genes, such 
as KIT, ALPL and IFITM1 (O’Leary et al., 2012), prompted us to investigate the pres-
ence of PGCs in 12dpf human blastocyst outgrowths. 
 
MATERIAL AND METHODS
Ethical Permission Regarding Human Material
Approval for the use of human pre-implantation embryos was obtained from the Lo-
cal Ethical Committee of the Ghent University (EC2013/822; EC2017/584) and the 
Belgian Federal Commission for medical and scientific research on embryos in vitro 
(ADV_052_UZ Gent; ADV_075_UZ GENT) in Belgium. Pre-implantation embryos 
from patients who underwent treatment for infertility at the Department for Repro-
ductive Medicine, University Hospital Ghent were donated with informed consent. 
Approval for the collection and use of human fetal material was obtained from the 
Medical Ethical Committee of the Leiden University Medical Centre (P08.087) in the 
Netherlands. The human fetal material was acquired from elective abortions without 
medical indication and was donated for research with informed consent.
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Pre-implantation Embryo Culture and Generation of Blastocyst Outgrowths
Cryopreserved cleavage stage embryos (N=392), slow-frozen on day 2 and day 3 post 
fertilization (dpf) were warmed in EmbryoThaw medium (Fertipro). Briefly, straws 
were removed from liquid nitrogen and kept at room temperature (RT) for 40 sec-
onds, followed by 30 seconds on a 37oC-warmed plate. The embryos were expelled 
and sequentially exposed to thawing solutions, as per manufacturer’s instructions. 
Embryos thawed at 2dpf were cultured for 24 hours in Cook Cleavage Medium 
(Cook) and transferred to Cook Blastocyst Medium (Cook); while embryos thawed 
at 3dpf were cultured directly in Cook Blastocyst Medium (Cook) in 25 µl drops un-
der mineral oil (Irvine Scientific) until 6dpf, at 37oC, 6% CO2 and 5% O2. 
Blastocysts were evaluated at 6dpf using the Gardner and Schoolcraft grading system 
(Gardner and Schoolcraft, 1999) (Supplementary Figure S1A-C). Embryos with an 
expansion grade of 3 or higher (N=141) were briefly exposed to pre-warmed Acidic 
Tyrode’s Solution (Sigma) for removal of the zona pellucida. After washing, individu-
al blastocysts were plated per well, on 8-well IbiTreat µ-plates (Ibidi, GmbH) and cul-
tured as described (Bedzhov et al., 2014) with the following modifications: 1) culture 
was performed in hypoxic conditions (5% O2); and 2) culture medium contained 
100 ng/ml of Activin A (Peprotech). The 12dpf blastocyst outgrowths were fixed with 
4% paraformaldehyde (PFA, Merck) in phosphate-buffered saline without Ca2+ and 
Mg2+ (PBS0) for 20 minutes at RT.
Human Fetal Material and Embryonic Stem Cells 
Obstetric ultrasonography was used to determine the gestational age (in weeks and 
days) prior to the abortion procedure. The urogenital ridges, obtained from two em-
bryos at 10 weeks of gestation, Carnegie Stage (CS) 20, were dissected in cold PBS0 
and fixed in 4% PFA/PBS0 at 4oC overnight (o/n). Isolated CS20 gonadal ridges were 
transferred to PBS0 and hand cut using a scalpel into ±200 μm transversal slices that 
included the mesonephros.
hESC lines UGent11-2 (Van der Jeught et al., 2013) and UGent11-7 (Duggal et al., 
2013) were plated on coverslips containing a confluent layer of mitomycin C (Sig-
ma)-treated CD1 mouse embryonic fibroblasts (MEFs). hESCs were refreshed daily 
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with hESC medium [knockout-DMEM (Life Technologies), 20% knockout serum re-
placement (Life Technologies), 1% non-essential amino acids (NEAA, Life Technol-
ogies), 1% L-glutamine (Life Technologies), 1% penicillin/streptomycin (Life Tech-
nologies), 0.1mM b-mercaptoethanol (Life Technologies) and 4 ng/ml recombinant 
human basic fibroblast growth factor (bFGF, Peprotech)]. hESCs were maintained in 
hypoxic conditions (5% O2). When confluent, on day 4 after passaging, hESCs were 
fixed in 4% PFA/PBS0 for 20 minutes at RT.
Immunofluorescence
Fixed blastocyst outgrowths and CS20 gonadal slices were permeabilized with 0.2% 
Triton X-100 (Sigma) in PBS0 for 20 minutes at RT; fixed hESCs were permeabi-
lized with 0.1% Triton X-100/PBS0 for 8 minutes at RT. Samples were then blocked 
with 10% fetal calf serum (FCS, Gibco) and 1% bovine serum albumin (BSA, Sigma) 
solution for 1 hour at RT, incubated with primary antibodies (Supplementary Table 
S1) in 0.1% BSA/PBS0 o/n at 4oC and washed in 0.1% Tween-20 solution (Merck-
Schuchardt). Samples were incubated with secondary antibodies (Table S1) in 0.1% 
BSA/PBS0 o/n at 4oC, washed 3 times in 0.1% Tween-20 solution and counterstained 
with 1 μg/ml 4’,6-diamidino-2-phenylindole (DAPI, Vector Laboratories). hESCs on 
coverslips and CS20 gonadal slices were mounted on glass slides with ProLongGold 
antifade reagent (ThermoFisher Scientific).
Imaging and Cell Counting
Bright field images of blastocysts and blastocyst outgrowths were taken on an Olym-
pus IX73 inverted microscope (Olympus) equipped with a Lykos clinical laser system 
(Hamilton Thorne); and of the CS20 urogenital system on a Tablet-PC PET W1010 
I0NL (Peaq). Fluorescence images were obtained on a Leica TCS SP8 inverted confo-
cal microscope (Leica), equipped with a white light laser and LAS X software (Leica). 
Each blastocyst outgrowth was scanned completely (all cells) on each fluorescence 
channel used, using either a 20x dry (HC PL APO 20x/0.75 CS2), 25x oil immersion 
(HC FLUOTAR L 25x/1.0 IMM motCORR VISIR) or 40x oil immersion (HC PL 
APO 40x/1.30 Oil CS2) objective. The outer limits of the whole outgrowth scans were 
the bottom of the dish and the last visible DAPI+ nucleus; and z-stack images were 
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acquired with 2 μm spacing at Airy 1 unit pinhole and were acquired at 12 bits in 
1024 x 1024 pixels at 200 Hz laser frequency. 
For image analysis, z-stack images were saved as Tiff files and processed using Fiji 
(version 2.0.0-rc43/1.5k) (Schindelin et al., 2012). Brightness and contrast were ad-
justed linearly on individual channels. Cell counting was performed manually using 
the Cell Counter plug-in for each outgrowth going through all z-stacks. A cell was 
considered positive when it was labelled in the channel of interest and contained a 
DAPI+ nucleus. Labelled cells that showed a fragmented nucleus were considered 
dead and were not included in the analysis. 3D views were constructed using 3D 
viewer in Fiji. Figures were assembled in Adobe Illustrator CC (Adobe Systems). 
Statistical Analysis
The association between embryo quality, outgrowth viability and the efficiency of 
generating POU5F1+ outgrowths was investigated using Fisher’s Exact Test (two-sid-
ed). 
Statistical analyses were performed in R (version 3.4.1.), p-values were considered 
significant when < 0.05.
RESULTS
Blastocyst quality effects the survival of embryo outgrowths during extended cul-
ture 
Cryopreserved cleavage stage embryos (N=392) donated following standard in vitro 
fertilization (IVF) or intra-cytoplasmic sperm injection (ICSI) cycles were thawed 
and cultured to 6dpf, in hypoxic conditions. We carefully assessed the quality of all 
blastocysts at 6dpf (Supplementary Figure S1, Supplementary Table S2) (Gardner 
and Schoolcraft, 1999). Blastocysts with a discernible inner cell mass (ICM), grade 3 
or higher (N=141) were plated whole and cultured in vitro until 12dpf (Figure 1A). 
Cultures were maintained in hypoxia, as used in IVF-laboratories, to mimic in vivo 
human peri-implantation conditions (Figure 1B).
We observed that none of the plated grade 3 blastocysts (N=13) survived to 12dpf 
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(Figure 1C). Conversely, 49 out of 128 plated grade 4-6 blastocysts (38.3%) remained 
viable until 12dpf. We further classified grade 4-6 blastocysts into good, fair and 
poor-quality categories and revealed that embryo quality directly correlated to out-
growth survival during extended culture. Good quality blastocysts were significantly 
more likely to develop to 12dpf compared to fair and poor quality embryos (Fisher’s 
Exact Test, p=0.01) (Figure 1A,C).
Generation of 12dpf outgrowths containing POU5F1+ cells depends on blastocyst 
quality, but not on maternal age
Next, we immunostained the viable 12dpf blastocyst outgrowths for POU5F1 and 
GATA6 to mark epiblast (EPI) and endoderm (ENDO) cells, respectively. While all 
Figure 1. Embryo quality effects viability and development of 12dpf blastocyst outgrowths. (A) Culture progres-
sion of good quality (top) and poor quality (bottom) human blastocyst from 6 to 12dpf. Scale bar is 50 μm in 6-8dpf, 
and 100 μm in 10-12dpf. (B) Schematic representation three different stages of development based on 3 embryos be-
longing to the Carnegie collection (Hill, 2017). (C) Impact of blastocyst quality at 6dpf on viability and development 
of outgrowths to 12dpf, based on POU5F1 expression. (D) Four categories of 12dpf blastocyst outgrowths regarding 
POU5F1 expression. Representative bright field of blastocyst outgrowths (top row) and corresponding immunos-
taining for POU5F1 (yellow) and GATA6 (magenta) (bottom row). Scale bar is 100 μm (E) Effect of maternal age on 
viability and development of outgrowths to 12dpf, based on POU5F1 expression. Abbreviations: CAT, category; CS, 
Carnegie stage; dpf, days post fertilization; N, number; %, percentage.
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attached outgrowths contained cells expressing GATA6, expression of POU5F1 was 
only observed in 29 out of 49 (59.2%) 12dpf outgrowths (Figure 1C,D). POU5F1- 
outgrowths (N=20) were classified as category 1 (CAT1) and were not used further. 
The remaining outgrowths (N=29) were divided into CAT2 (1-10 POU5F1+ cells), 
CAT3 (>10 POU5F1+ cells; flat morphology) and CAT4 (>10 POU5F1+ cells; spher-
ical morphology) (Figure 1C,D, Supplementary Table S2). Blastocyst quality affected 
the generation of POU5F1+ embryo outgrowths at 12dpf, with good quality embryos 
significantly more likely to generate POU5F1+ outgrowths (CAT2-4) compared to 
both fair and poor quality embryos (Fisher’s Exact Test, p=0.0203 and p=0.048, re-
spectively) (Figure 1A,C). 
We further considered the relationship between the maternal age of embryo-donors 
and outgrowth viability (Figure 1E). We did not observe an effect of advanced ma-
ternal age (≥38) on outgrowth viability (Fisher’s Exact Test, p=0.5203). Moreover, 
the number of POUF51+ outgrowths was comparable between blastocysts obtained 
from younger (<38) and older donors (≥38) (Fisher’s Exact Test, p=1.000). As such, 
maternal age did not seem to affect outgrowth development significantly. Neverthe-
less, the limited number of analysed embryos/outgrowths per age category warrants 
careful interpretation.
12dpf blastocyst outgrowths recapitulate early human peri-implantation 
We observed a wide variety of 12dpf blastocyst outgrowth phenotypes. Morphologies 
ranged from those comparable to early stages of cavitation, with EPI cells rearranging 
radially (Carnegie stage 5a; Figure 2A, B), to bilaminar embryos (Carnegie stage 5c) 
(Figure 2C-E). 
In our culture system, the ICM epithelialized/polarized and cavitated, giving rise to a 
central (pro)amniotic cavity (Figure 2A-E), with cells showing prominent expression 
of (nuclear) POU5F1, (membrane/Golgi) IFITM3 and (membrane) PDPN (Figure 
2A-E). The EPI (POU5F1+ cells in contact with ENDO) and the (future) amniotic 
ectoderm (POU5F1+ cells not facing the ENDO) expressed the same set of markers 
and had comparable morphologies, suggesting that lineage restriction into squamous 
amniotic ectoderm and columnar EPI had not yet occurred (Figure 2A-E).
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The ENDO cells, expressing (nuclear) GATA6, either appeared as a disc facing the 
EPI (Figure 2A, 2B) or formed a closed cavity, presumably the (first) yolk sac cavity 
(Figure 2C-E). However, there was no morphological distinction between ENDO 
cells (facing the EPI) and ENDO cells forming the yolk sac. Interestingly, PDPN was 
useful to mark not only the formation of the amniotic cavity, but was also expressed 
in the apical surface of the forming yolk sac cavity (Figure 2D-E). 
Figure 2. Blastocyst outgrowths mimic human peri-implantation. (A) Positioning of the epiblast (yellow) and 
endoderm (magenta) in CS5a human embryo belonging to the Carnegie collection (Hill, 2017). (B) Single z-plane 
of 12dpf outgrowth immunostained for POU5F1 and PDPN (yellow); and GATA6 and IFITM3 (magenta), as merge 
and single channels. Yellow dashed line depicts epiblast (EPI) and magenta dashed line endoderm (ENDO). Scale 
bar is 50 μm. (C) Positioning of the epiblast (yellow), endoderm (magenta), amniotic cavity (orange), yolk sac cavity 
(grey), extraembryonic mesoderm (red) and trophoblast (cyan) in CS5c human embryo belonging to the Carnegie 
collection (Hill, 2017). (D) Single z-planes of 12dpf outgrowth immunostained for POU5F1 (yellow), CDX2 (red) 
and PDPN (white), as merge and single channels. Yellow dashed line depicts EPI, red dashed line extraembryonic 
mesoderm (ExM) and grey line the yolk sac cavity. Scale bar is 100 μm. (E) Single z-planes of 12dpf outgrowth im-
munostained for POU5F1 (yellow), GATA6 and IFITM3 (magenta) and PDPN (white), as merge and single channels. 
Yellow dashed line depicts EPI, magenta dashed line ENDO, green dashed line primordial germ cells (PGCs), grey 
line the yolk sac cavity, orange line the amniotic cavity and cyan line points to precursors of PGCs (pPGCs). Scale 
bar is 50 μm. (F) Single z-plane of 12dpf outgrowth immunostained for TFAP2C (cyan) and treated with phalloidin 
(magenta) and DAPI (white), as merge and single channels. Cyan dashed lines depict the borders of trophoblast. 
Scale bar is 100 μm. (G) 3D-view of cell marked as PGC (top) and pPGC (bottom) in (E).
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The origin of extraembryonic mesoderm or mesenchyme (ExM) in vivo remains 
obscure (Bianchi et al., 1993, Dobreva et al., 2010). The ExM develops prior to gas-
trulation to surround both the amniotic ectoderm and yolk sac endoderm (Figure 
1B, 2C). We studied the expression of CDX2, a known (extraembryonic) mesoderm 
determinant (Bernardo et al., 2011) and observed CDX2-positive cells often near the 
presumptive yolk sac cavity (Figure 2D), in agreement with previous observations 
by Deglincerti and colleagues (Deglincerti et al., 2016). TFAP2C, a marker of troph-
oblast-derived cells in human placenta 7-12 weeks of gestation (Biadasiewicz et al., 
2011), also marked the trophoblast cells surrounding the tight cluster of presumably 
EPI cells (Figure 2F).
12dpf blastocyst outgrowths contain POU5F1+/SOX17+ PGCs
In addition to the (cavitating) spherical cluster of POU5F1+ cells, we additional-
ly noted isolated POU5F1+/IFITM3+/PDPN+ cells. These were sometimes distant 
from the EPI cluster, adopting a more mesenchymal/round morphology (Figure 
2E and Supplementary Figure S2) and were reminiscent of primordial germ cells 
(PGCs). These isolated cells had kidney-shaped nuclei surrounding the IFITM3+ 
Golgi (Figure 2G), typical of early mouse PGCs cultured for a short period of time in 
vitro (Bialecka et al., 2012, Chuva de Sousa Lopes et al., 2008). Moreover, cells with 
similar kidney-shaped nuclei, but markedly less-positive for POU5F1, were observed 
delaminating from the EPI-cluster (Figure 2G). These cells may correspond to PGC 
precursors (pPGCs).  
SOX17 has been recently described as a determinant of human PGCs (hPGCs) (Irie, 
et al., 2015). To utilise SOX17 as a marker specific for hPGCs, we evaluated its expres-
sion in primed hESCs (that mimic the EPI) and early hPGCs in gonads of Carnegie 
Stage (CS)20 embryos. Indeed, SOX17 was expressed in POU5F1+ hPGCs, but not 
in POU5F1+ hESCs (Figure 3A). Rather, SOX17 co-localized with GATA6 in endo-
derm-differentiating hESCs at the border of POU5F1+ hESC colonies (Figure 3A).
Using this combination of antibodies, we were able to differentiate a population of 
SOX17+/POU5F1+ cells, distinct from the SOX17-/POU5F1+ EPI and the SOX17+/
GATA6+ ENDO in 12dpf blastocyst outgrowths (Figure 3B and Supplementary Fig-
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ure S3), corresponding most probably to bonafide hPGCs. The hPGCs had a dis-
cernible Golgi-accumulation of IFITM3 and often a distinct kidney-shaped nucleus 
(Figure 3B). In addition, we also observed a separate population of cells that were 
SOX17+/IFITM3+ with no or low levels of POU5F1 (Figure 3C). These cells (often 
with a kidney-shaped nucleus) were distinct from IFITM3- ENDO cells (Figure 3C). 
Figure 3. PGCs emerged by 12dpf in human blastocyst outgrowths. (A) Expression of POU5F1 (yellow), GATA6 
(magenta) and SOX17 (cyan) in hESCs and a CS20 gonad, as merge and single channels. Scale bar is 50 μm. (B) 
Single z-planes of 12dpf outgrowths immunostained for POU5F1 (yellow), IFITM3 (magenta) and SOX17 (cyan) as 
merge and single channels. Yellow dashed line depicts epiblast (EPI), magenta dashed line endoderm (ENDO), green 
dashed line primordial germ cells (PGCs) and cyan dashed line precursors of PGCs (pPGCs). Scale bar is 50 μm. 
(C) Single z-planes of 12dpf outgrowths immunostained for POU5F1 (and PDPN) (yellow), IFITM3 (and GATA6) 
(magenta) and SOX17 (cyan) as merge and single channels. Yellow dashed line depicts EPI, magenta dashed line 
ENDO, green dashed line PGCs and cyan dashed line pPGCs. Scale bar is 50 μm. (D) Quantification of EPI, PGCs, 
pPGCs and ExM in 12dpf outgrowths from different categories (CAT2-4). (E) Expression of different antibodies in 
inner cell mass-derived cell types (EPI, ExM, ENDO, PGC, pPGC) in 12dpf blastocyst outgrowths and the percent-
age of outgrowths containing that specific cell type. (F) Model for PGC specification in humans. PGCs originate in 
the epiblast and likely move to the Exm, during gastrulation, before becoming incorporated in the dorsal part of the 
yolk sac and migrating to the gonadal primordia.
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We suggest that these cells may be pPGCs. We observed cells that demonstrate specif-
ic characteristics of PGCs and pPGCs in different categories of POU5F1+ 12dpf blas-
tocyst outgrowths (Figure 3C). Furthermore, CAT3 outgrowths showed the highest 
incidence of these cells. 12dpf blastocyst outgrowths with both POU5F1+ cells and 
cells resembling (p)PGCs contained on average 5 PGCs and 5 pPGCs (Figure 3D, 3E). 
Moreover, 59% of POU5F1+ 12dpf blastocyst outgrowths showed PGCs, while 31% 
contained pPGCs (Figure 3D). We propose a model suggesting that (p)PGCs become 
specified from cells of the epiblast and migrate either transiently to the extraembry-
onic mesoderm or directly to the dorsal part of the yolk sac endoderm (Figure 3F).
DISCUSSION
Studying the implantation period of early human embryos and the events governing 
post-implantation development remains challenging. Since in vivo studies are often 
unfeasible and curbed by evident bioethical and legal concerns, the application and 
further optimisation of in vitro systems for extended blastocyst culture provides a 
promising way forward (Rossant 2016, Rossant and Tam 2017). Here, we adopted a 
culture system combining features of hESC derivation and extended in vitro blasto-
cyst culture to examine lineage segregation in human blastocyst outgrowths, 12dpf. 
A central drawback of the established extended embryo culture systems is that 
blastocyst outgrowths remain predominately flattened. This limits the formation 
of three-dimensional structures occurring during implantation and normal devel-
opment within the uterus. Aberrant development and the collapse of cavities may 
promote abnormal signalling between cells, which would normally not be found in 
close proximity. Efforts to culture blastocysts in a 3D-environment, such as matrigel, 
similarly to organoids (Huch and Koo, 2015) and the inclusion of uterine decidual-
ized stromal cells (Teklenburg et al., 2012) will help optimize the microenvironment 
needed to develop a robust model to study peri-implantation in humans. 
It is well established that embryo quality traits influence IVF outcomes (Baird et al., 
2005). In accordance, we provide evidence that blastocyst quality significantly af-
fects both the survival rate of embryo outgrowths to 12dpf and the development of 
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POU5F1+ cells. Therefore, to avoid confounding effects it is imperative to use em-
bryos of sufficient quality (grade ≥4) for in vitro extended culture. This variability 
in embryo quality may explain the results of Shahbazi and colleagues, who did not 
observe POU5F1+ blastocyst outgrowths in hypoxic culture conditions (Shahbazi et 
al., 2016). Hypoxia was previously shown to be more beneficial for human embryo 
development in terms of embryo expansion rates (Waldenstrom et al., 2009) and epi-
blast maintenance (Roode et al., 2012), compared to high oxygen.
As hESCs derived in the presence of Activin A showed increased germ cell derivation 
efficiency (Duggal et al., 2013, Duggal et al., 2015), we supplemented extended blas-
tocyst cultures with 100 ng/ml Activin A, following plating. Interestingly, POU5F1+ 
cells distinct from the main POU5F1+ cluster, were already visible in the previous 
study by Deglincerti and colleagues (Deglincerti et al., 2016). However, as the authors 
did not use SOX17, IFITM3 and PDPN to identify (p)PGCs, these cells were left 
unnoticed. In agreement with our results, Deglincerti and colleagues also observed 
CDX2 expression in cells surrounding the yolk sac cavity (Deglincerti et al., 2016). 
However, the authors propose that this population corresponds to previously unde-
scribed ‘yolk sac trophectoderm’, while we reason that CDX2 marks cells of the ExM, 
not TE cells. 
Our in vitro culture results suggest that human PGCs delaminate from the POU5F1+ 
epiblast facing the GATA6+ endoderm around 12dpf. This would be more com-
parable to the pig, where PGCs have been shown to originate from the posterior 
pre-primitive streak epiblast (Kobayashi et al., 2017); and different from the mecha-
nism described in cynomolgus monkey, whereby PGCs appear to be specified in the 
amnion, with POU5F1+ cells facing away from the endoderm (Sasaki et al., 2016). 
Future experiments will reveal whether human (p)PGCs progress via a mesendo-
derm intermediate, as observed from hPSC-derived PGCLCs (Kobayashi et al., 2017, 
Sasaki et al., 2015).
Here, we show that blastocyst outgrowths serve as a valuable in vitro model for stud-
ying early germ cell specification events. We provide novel insights into early human 
lineage segregation and the origin of the human germ line. Future optimisation of 
this peri-implantation model will not only continue to shed light on human embryo-
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genesis, but may enhance both stem cell and reproductive technologies. Unravelling 
embryo traits associated with implantation failure and poor post-implantation devel-
opment will undoubtedly contribute to IVF treatment strategies, ultimately improv-
ing clinical outcomes. 
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Supplementary Figure S1. Grading system used to score human embryos at 6dpf. (A) Different grades of inner 
cell mass quality (B) Different grades of trophectoderm quality. (C) Different degrees of blastocyst expansion. Scale 
bar is 50 μm.
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Supplementary Figure S2. Culture progression and z-stack images of blastocyst outgrowth C8.1. (A) Bright field 
images of culture progression from 6 to 12dpf of embryo C8.1. (B) Cartoon representing C8.1 showing the position 
of z-planes shown in (C), the amniotic cavity (orange) and yolk sac cavity (grey). (C) Maximum projection (max) 
and single z-planes throughout the outgrowth C8.1 immunostained for POU5F1 (yellow); GATA6 and IFITM (ma-
genta); and PDPN (white). Z-scans correspond to the dashed box in the maximum projection. White arrows depict 
presumptive primordial germ cells (PGCs) and precursors of PGCs (pPGCs). Scale bars in (A) and (C) are 50 μm, 
except in the maximum projection where it is 100 μm.
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Supplementary Figure S3. Culture progression and z-stack images of blastocyst outgrowth D1. (A) Bright field 
images of culture progression from 6 to 12dpf of embryo D1. (B) Cartoon representing D1 showing the position of 
z-planes shown in (C). (C) Maximum projection (max) and single z-planes throughout the outgrowth D1 immunos-
tained for POU5F1 and PDPN (yellow); SOX17 (cyan); and GATA6 and IFITM3 (magenta). Scale bars are 50 μm.
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ABSTRACT
Study question: Which set of antibodies can be used to identify migratory and early 
post-migratory human primordial germ cells (hPGCs)?
Study finding: We validated the specificity of 33 antibodies for 31 markers, including 
POU5F1, NANOG, PRDM1 and TFAP2C as specific markers of hPGCs at 4.5 weeks 
of development of Carnegie stage (CS12-13), whereas KIT and SOX17 also marked 
the intra-aortic hematopoietic stem cell cluster in the aorta-gonad-mesonephros 
(AGM). 
What is known already: The dynamics of gene expression during germ cell develop-
ment in mice is well characterized and this knowledge has proved crucial to allow the 
development of protocols for the in-vitro derivation of functional gametes. Although 
there is a great interest in generating human gametes in vitro, it is still unclear which 
markers are expressed during the early stages of hPGC development and many stud-
ies use markers described in mouse to benchmark differentiation of human PGC-like 
cells (hPGCLCs). Early post-implantation development differs significantly between 
mice and humans, and so some germ cells markers, including SOX2, SOX17, IFITM3 
and ITGA6 may not identify mPGCs and hPGCs equally well. 
Study design, size, duration: This immunofluorescence investigated the expression 
of putative hPGC markers in the caudal part of a single human embryo at 4.5 weeks 
of development.
Participants/materials, setting, methods: We have investigated by immunofluores-
cence the expression of a set of 33 antibodies for 31 markers, including pluripoten-
cy, germ cell, adhesion, migration, surface, mesenchymal and epigenetic markers on 
paraffin sections of the caudal part, including the AGM region, of a single human 
embryo (CS 12-13). The human material used was anonymously donated with in-
formed consent from elective abortions without medical indication.
Main results and the role of chance: We observed germ cell specific expression 
of NANOG, TFAP2C and PRDM1 in POU5F1+ hPGCs in the AGM. The epige-
netic markers H3K27me3 and 5mC were sufficient to distinguish hPGCs from the 
surrounding somatic cells. Some mPGC-markers were not detected in hPGCs, but 
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marked other tissues; whereas other markers, such as ALPL, SOX17, KIT, TUBB3, 
ITGA6 marked both POU5F1+ hPGCs and other cells in the AGM. We used a com-
bination of multiple markers, immunostaining different cellular compartments when 
feasible, to decrease the chance of misidentifying hPGCs. 
Large scale data: non-applicable
Limitations, reasons for caution: Material to study early human development is 
unique and very rare thus restricting the sample size. We have used a combination of 
antibodies limited by the number of paraffin sections available. 
Wider implications of the findings: Most of our knowledge on early gametogenesis 
has been obtained from model organisms such as mice and is extrapolated to hu-
mans. However, since there is a dedicated effort to produce human artificial gametes 
in vitro, it is of great importance to determine the expression and specificity of hu-
man-specific germ cell markers. We provide a systematic analysis of the expression 
of 31 different markers in paraffin sections of a CS 12-13 embryo. Our results will 
help to set up a toolbox of markers to evaluate protocols to induce hPGCLCs in vitro.
Study funding and competing interest(s): M.G.F. was funded by Fundação para a 
Ciência e Tecnologia (FCT) [SFRH/BD/78689/2011] and S.M.C.S.L. was funded by 
the Interuniversity Attraction Poles (IAP, P7/07) and the European Research Council 
Consolidator (ERC-CoG-725722-OVOGROWTH). The authors declare no conflict 
of interest.
Key words: human, primordial germ cells, migration, antibodies, expression, pluri-
potency, epigenetics, surface markers, aorta-gonad-mesonephros.
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INTRODUCTION
The dynamics of gene expression during specification and further development of 
primordial germ cells (PGCs) in mouse is well characterized (Bertocchini and Chu-
va de Sousa Lopes, 2016, Saitou and Miyauchi, 2016, Saitou and Yamaji, 2012, Tang 
et al., 2016). Consequently, markers (including antibodies) to identify and facilitate 
FACS-sorting of differentiated PGC-like cells (PGCLCs) from mouse pluripotent 
stem cells (PSCs) in vitro, as well as to evaluate the efficiency of in vitro differenti-
ation protocols, are well known and reliably used. This useful toolbox of antibodies 
has been crucial for the success of recent protocols using mouse PSCs to recapitu-
late gametogenesis in vitro (Hayashi et al., 2012, Hayashi et al., 2011, Hikabe et al., 
2016). In humans, the dynamics of gene expression is less well studied and in fact 
it is still unclear when PGCs are specified (Bertocchini and Chuva de Sousa Lopes, 
2016, Tang et al., 2016). This lack of knowledge is hampering the efficient benchmark 
of differentiation protocols recapitulating gametogenesis in vitro using human PSCs 
(Bucay et al., 2009, Clark et al., 2004, Gkountela et al., 2013, Irie et al., 2015, Kee et al., 
2009, Sasaki et al., 2015, Sugawa et al., 2015, Tilgner et al., 2008).
In mouse, PGC precursors (pPGCs) express PRDM1 (or BLIMP1), TFAP2C (or 
AP2gamma) and PRDM14 (Bertocchini and Chuva de Sousa Lopes, 2016, Tang et 
al., 2016) to suppress the somatic program, and become lineage restricted as PGCs 
around embryonic day (E)7.2 (de Sousa Lopes et al., 2007, Tam and Zhou, 1996). 
From this stage on and until they undergo meiosis, mPGCs also express key genes 
associated with pluripotency such as POU5F1 (or OCT4) (Kehler et al., 2004), NA-
NOG (Chambers et al., 2007), SOX2 (Campolo et al., 2013), DPPA3 (or STELLA) 
(Payer et al., 2003), SALL4 (Yamaguchi et al., 2015) and ALPL (or TNAP) (MacGre-
gor et al., 1995). 
Mouse transgenic PSCs, such as Blimp1::mvenus and Stella::ecfp (Hikabe et al., 2016, 
Zhou et al., 2016) have proved useful to optimize protocols for the differentiation of 
mPSCs to mPGCLCs.  Hence, mPGCLCs FACS-sorted for SSEA1+ and ITGB3+ and 
subsequently co-cultured with either E12.5 female gonads or with newborn testis 
(a necessary step to induce meiosis), were able to undergo respectively oogenesis or 
spermatogenesis ex vivo generating functional gametes (Hikabe et al., 2016, Zhou et 
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al., 2016). Human transgenic PSCs for Blimp1::tdtomato,Tfap2c::egfp (Sasaki et al., 
2015) and Nanos3::mcherry (Irie et al., 2015) have facilitated differentiation to hPG-
CLCs, but those do not upregulate late PGC markers or undergo meiosis.
Much of what is known regarding human early gametogenesis, in particular PGC 
specification, relies heavily on extrapolation from studies in mouse (Bertocchini and 
Chuva de Sousa Lopes, 2016, Tang et al., 2016), monkey (Sasaki et al., 2016) and pig 
(du Puy et al., 2011, Kobayashi et al., 2017). Although several studies have tested an-
tibody-markers of pluripotency and germ cells in histological sections of human fetal 
gonads (Anderson et al., 2007, Gaskell et al., 2004, Gkountela et al., 2013, Heeren et 
al., 2016, Heeren et al., 2015, Kerr et al., 2008a, b, Pauls et al., 2006, Rajpert-De Meyts 
et al., 2004), only few report the analysis of migratory hPGCs (Mamsen et al., 2012, 
Mollgard et al., 2010). Moreover, studies on hPGCs have highlighted differences in 
marker expression and hence gametogenesis between mice and humans. 
Despite recent advances in hPGC single-cell transcriptomics (Guo et al., 2015, Li et 
al., 2017) and differentiation protocols from hPSCs to hPGCLCs, many of the mark-
ers that are currently used to access differentiation and to sort pure populations of 
hPGCs/hPGCLCs are not uniquely expressed in hPGCs and their expression has not 
been validated in earlier stages of human development. In this study, we evaluated 
and validated for the expression of several pluripotency- and PGC-associated mark-
ers/antibodies in migratory and early colonizing hPGCs in one single human embryo 
of Carnegie stage 12-13 (CS12-13). Our results showed the specificity of a panel of 31 
markers to distinguish hPGCs, crucial to evaluate hPGCLC differentiation in vitro. 
MATERIAL AND METHODS
Ethical approval for use of human fetal tissue
All procedures conformed to the Declaration of Helsinki for Medical Research in-
volving Human Subjects and were approved by the Medical Ethical Committee of the 
Leiden University Medical Center (P08.087). The embryo was donated for research 
with informed consent from elective abortions without medical indication.
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Collection and sex genotyping of human fetal material
The developmental age of the embryo was determined by ultrasonography. The em-
bryo was isolated in cold 0.9% NaCl (Fresenius Kabi, Zeist, the Netherlands) and 
fixed in 4% paraformaldehyde (PFA) (Merck, Darmstadt, Germany) overnight (o/n) 
at 4°C, washed 3x in phosphate-buffered saline without Ca++ and Mg++ (PBS0) and 
stored in 70% ethanol at 4°C. 
The sex was determined by genomic PCR for Amelogenin (AMELX/AMELY), that 
distinguishes the X and Y chromosomes by amplicon size (977 bp and 790 bp, re-
spectively) as described (Heeren et al., 2015). The primers used were: FW 5’-CTG 
ATG GTT GGC CTC AAG CCT GTG-3’ and RV 5’-TAA AGA GAT TCA TTA ACT 
TGA CTG-3’; the PCR programme used was 5 minutes 95°C, 34x (1 minute 95°C, 30 
seconds 60°C, 2 minutes 72°C), 10 minutes 72°C, and the PCR products were run on 
a 1.5% agarose gel.
Immunofluorescence in paraffin sections
The W4.5 embryo was embedded in paraffin using a Shandon Excelsior tissue pro-
cessor (Thermo Scientific, Altrincham, UK) and sectioned (5μm) using a RM2065 
microtome (Leica Instruments GmbH, Wetzlar, Germany) onto StarFrost slides 
(Waldemar Knittel, Braunschweig, Germany). Human fetal material (W8-9 gonad, 
W9 mesonephros, W16-18 kidney, W19 adrenal, W19 placenta and W15 colon) were 
isolated, embedded in paraffin and processed for immunofluorescence. Immunoflu-
orescence was performed as described (Heeren et al., 2015). Briefly, paraffin sections 
were deparaffinised in xylene, rehydrated through an ethanol series and finally water, 
followed by antigen retrieval in 0.01 M citric buffer (pH 6.0) for 12 minutes at 98ºC 
on a microwave (TissueWave 2, Thermo Scientific) and allowed to cool down. After 
being rinsed in PBS0, sections were treated for 1 hour at room temperature (RT) with 
blocking solution (1% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, USA), 
0.05% Tween-20 (Merck-Schuchardt, Hohenbrunn, Germany) in PBS0). Thereafter, 
sections were incubated with primary antibodies diluted in blocking solution over-
night at 4ºC, washed three times for 20 minutes at RT with PBS0 and incubated with 
the respective secondary antibodies for 2 hours at RT. Primary antibodies and di-
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lutions used, as well as used matching isotypes used as negative controls, are listed 
in Supplementary Table S1. Secondary antibodies and dilutions used are listed in 
Supplementary Table S2. Results from the isotype controls (negative controls) are 
presented in Supplementary Fig. S1.
Immunofluorescence of whole mounts
Human W8-9 gonads were cut transversally in several smaller pieces (12-15 pieces) 
using a scalpel (Swann Morton, Sheffield, England). These small pieces were perme-
abilized in 0.2% Triton-X100 (Merck, Darmstadt, Germany) in PBS0 for 20 minutes 
at room temperature (RT) and blocked in a solution of 1% bovine serum albumin 
(BSA, Life Technologies, Carlsbad, USA) and 10% fetal calf serum (Life Technolo-
gies, Carlsbad, USA) in PBS0 for 1 hour at RT. The gonadal pieces were then incubat-
ed with primary antibodies (Supplementary Table S1) diluted in 1% BSA in PBS-T 
(0.1% Tween20 (Merck, Darmstadt, Germany) in PBS0) overnight at 4°C, washed 
twice with PBS-T, incubated with secondary antibodies (Supplementary Table S2) 
diluted in 1% BSA/PBS-T o/n at 4°C, washed twice with PBS-T and once with MilliQ 
water, and counterstained with DAPI (Life Technologies, Carlsbad, USA). Samples 
were mounted on StarFrost slides using ProlonGold.
Teratoma Assay
Paraffin sections of teratomas were a gift from D. Salvatori. The formation of terato-
ma was ethically approved by the Animal Ethical Committee of the Leiden University 
Medical Center (DEC 13165) and previously described (Bouma et al., 2017). Briefly, 
adult male mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, Charles River) were subcuta-
neously injected with 2102Ep cells (1x106 cells per injection) in the flank region. The 
tumour growth was monitored periodically and, when reaching a volume of 2cm3, 
were isolated, embedded in paraffin blocks and used for immunofluorescence and as 
described above. Antibodies (and dilutions) used are listed in Supplementary Table 
S1 and S2.
Imaging
Bright field images of the embryo were made using a Tablet-PC PET W1010 I0NL 
(Peaq, Oberursel, Germany). Fluorescence images were made on an inverted Leica 
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TCS SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany) using the 
Leica Application Suite Advanced Fluorescence software (LAS AF, Leica). Different 
channels were acquired sequentially and the merged imaged was generated after-
wards. Colour settings were performed in Fiji (Schindelin et al., 2012) and figures 
were assembled in Adobe Photoshop CC (Adobe Systems, San Jose, CA, USA) and 
Adobe Illustrator CC (Adobe Systems, San Jose, CA, USA). 
RESULTS
Morphological characteristic of the human embryo analysed
In 1948, Emil Witschi performed a detailed histological analysis of 23 serially sec-
tioned embryos (ranging from 3.5mm to 8mm) from the Carnegie collection, and 
generated a graphical reconstruction of the migratory trajectory of the hPGCs based 
on morphology (Witschi, 1948). The quantification of the hPGCs in a 4.2mm embryo 
revealed that, at that stage, most hPGCs had left the gut endoderm and 71% were 
migrating thought the mesentery and rounding the coelomic angle heading for either 
the left or right gonadal primordium (Witschi, 1948). 
We have analysed a rare (and almost intact) embryo with 4 weeks and 5 days (Fig. 
1A), corresponding to CS12-13 (Hill, 2017). We counted 30 somites, but the embryo 
missed the most posterior part, and therefore the somite number is higher. Sections 
through the caudal part of the embryo, containing the aorta-gonad-mesonephros 
(AGM) region, revealed the gut, dorsal mesenterium, mesonephros, dorsal aorta, 
somites, notochord, neural tube and surface ectoderm (Fig. 1B). These are important 
Figure 1. Morphological char-
acteristics of a CS12-13 human 
embryo. (A) Bright field image of 
a human embryo with 4 weeks and 
5 days of development, correspond-
ing to Carnegie stage (CS)12-13. 
The caudal part of the embryo, con-
taining the aorta-gonad-mesone-
phros (AGM) region was sectioned 
(black square shows the orienta-
tion). (B) Histological section of 
the embryo with several anatomic 
landmarks identified. Nuclei are 
stained with DAPI (grey). Scale 
bars are 1mm in A and 50μm in B.
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landmarks to evaluate the specificity of the antibodies tested. The thickening of the 
gonadal primordia had not formed yet (Fig. 1B), suggesting that most hPGCs were 
still actively migrating.
Early hPGCs showed a distinct epigenetic state from the somatic compartment
We used POU5F1 (or OCT4) to mark hPGCs unambiguously and observed hPGCs 
migrating through the dorsal mesentery and rounding the coelomic angle to reach 
the gonadal primordia (Fig. 2A). POU5F1 showed strong nuclear localization but was 
also visible in the cytoplasm. The sex of the embryo (XX) was confirmed by immu-
nostaining for histone 3 lysine 27 trimethylation (H3K27me3), as the characteristic 
Figure 2. Expression of pluripotency markers in the AGM of a CS12-13 human embryo. (A-D) Histological sec-
tions of the caudal part of the embryo immunostained for POU5F1 (green), H3K27me3 (red) and 5-methylcytosine 
(5mC, cyan) (A); POU5F1 (red) and 5-hydroximethylcytosine (5hmC, green) (B); POU5F1 (green), TFAP2C (red) 
and ALPL (cyan; cyan box depicts staining in neural tube) (C); and NANOG (green), SOX2 (red) and SSEA1 (cyan) 
(D). All sections were counterstained with DAPI (grey). Right panels depict a higher magnification corresponding 
to the dashed box in the left column (merge and single channels). Scale bars are 100μm in the left column and 50μm 
in all high magnifications.
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perinuclear accumulation of H3K27me3, corresponding to the silent chromosome 
X in somatic cells, was visible (Geens and Chuva De Sousa Lopes, 2017). By con-
trast, in hPGCs H3K27me3 coated the entire nuclear envelope and this was in fact 
sufficient to distinguish hPGCs from the surrounding somatic cells (Fig. 2A, Supple-
mentary Fig. S2A). As described in late hPGCs (Gkountela et al., 2013), early hPGCs 
showed much lower levels of global DNA methylation, marked by anti 5-methylcy-
tosine (5mC), than the surrounding somatic cells (Fig. 2A, Supplementary Fig. S2A), 
another striking feature distinguishing early hPGCs and somatic cells. The levels of 
5-hydroxymethylcytosine (5hmC), generated by oxidation of 5mC (Ficz et al., 2011, 
Hackett et al., 2013) were also evaluated. Both early hPGCs and neighbouring somat-
ic cells exhibited perinuclear foci of 5hmC (Fig. 2B, Supplementary Fig. S2B).
POU5F1, NANOG and TFAP2C mark migratory and early colonizing hPGCs
Most migratory and early colonizing POU5F1+ hPGCs were also positive for other 
pluripotency markers, including NANOG, ALPL (or TNAP) and TFAP2C (or AP2γ) 
(Fig. 2C-D). ALPL was also present, albeit at lower level in the neural tube (Fig. 2C). 
Interestingly, this is also observed in mouse embryos of comparable developmental 
stage (Kwong and Tam, 1984). 
SSEA1 has been one of the markers (together with ITGB3) used to FACS-sort differ-
entiated mPGCLCs from mPSCs (Hikabe et al., 2016, Zhou et al., 2016), therefore it 
was important to test its specificity in hPGCs. In agreement with Liu and colleagues 
(Liu et al., 2004), we were unable to detect SSEA1 in paraffin sections of early hPGCs, 
but observed expression in parts of the mesonephros (Fig. 2D, Supplementary Fig. 
S3A). This contrasted with studies that showed SSEA1 in paraffin sections of human 
gonads from later developmental stages (Kerr et al., 2008a, b, Park et al., 2009). 
We observed that the pluripotency marker SOX2 was absent from early hPGCs (Fig. 
2D), as described for later stage hPGCs (Perrett et al., 2008). However, prominent 
SOX2 staining marked the neural tube (Fig. 2D), confirming previous observations 
in human CS12 and CS16 (Olivera-Martinez et al., 2012). Moreover, abundant SOX2 
was observed in paraffin sections of teratomas derived from the embryonal carcino-
ma line 2102Ep (Supplementary Fig. S3B).
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Expression of mPGC-markers PRDM1, DPPA3 and IFITM3 in early hPGCs
Next, we investigated the expression of genes known to mark early mPGCs in mice 
(Ohinata et al., 2005, Saitou et al., 2002) and regularly used to access in vitro differ-
entiation to hPGCLCs (Bucay et al., 2009, Clark et al., 2004, Gkountela et al., 2013, 
Irie et al., 2015, Kee et al., 2009, Sasaki et al., 2015, Sugawa et al., 2015, Tilgner et 
al., 2008). Specific nuclear PRDM1 was sufficient to identify POUF51+ hPGCs (Fig. 
3A-B). The antibody used against DPPA3 showed higher expression in POUF51+ 
hPGCs, but the expression was restricted to the cytoplasm instead of being nuclear 
(Fig. 3A). IFITM3 showed low levels of expression overall in the embryo and did not 
mark hPGCs specifically (Fig. 3B). We further analysed the expression of DPPA3 and 
Figure 3. Expression of germ cell-associated markers in the AGM of a CS12-13 human embryo. (A-D) Histologi-
cal sections of the caudal part of the embryo immunostained for POU5F1 (green), PRDM1 (red) and DPPA3 (cyan) 
(A); POU5F1 (green), PRDM1 (red) and IFITM3 (cyan) (B); POU5F1 (green), SOX17 (red) and GATA6 (cyan) (C); 
and POU5F1 (green), SALL4 (red) and PDPN (cyan) (D). All sections were counterstained with DAPI (grey). Right 
panels depict a higher magnification corresponding to the dashed box in the left column (merge and single chan-
nels). Scale bars are 100μm in the left column and 50μm in all high magnifications.
Book 1.indb   64 30/08/2018   17:39:39
65
3
Characterization of primordial germ cells in the aorta-gonad-mesonephros of a 4.5 week-old  human 
embryo: a toolbox to evaluate in-vitro early gametogenesis
IFITM3 in OCT4+ hPGCs in older human embryos [week (W)8-9 of development] 
in both paraffin sections and whole mount and confirmed the cytoplasmic staining 
of DPPA3 in hPGCs and the aspecific staining of IFITM3 (Supplementary Fig. S4). 
Concluding, we suggest caution when using DPPA3 and IFITM3 antibodies to iden-
tify hPGCLCs.  
Specific expression of SOX17, SALL4 and PDPN in early hPGCs 
Recently, SOX17 has been shown to be expressed in hPGCs and to be a critical deter-
minant during in vitro differentiation to both hPGCLCs fate (Irie et al., 2015), endo-
dermal fate (Wang et al., 2011) and endothelial fate (Zhang et al., 2017). We showed 
that SOX17 was expressed almost exclusively in POU5F1+ hPGCs and endotheli-
al cells including the dorsal aorta, but unexpectedly not in the endoderm-derived 
GATA6+ gut (Fig. 3C). In addition, we investigated the expression pattern of SALL4, 
a novel determinant of mPGCs (Yamaguchi et al., 2015) and showed that SALL4 was 
expressed almost exclusively in POU5F1+ hPGCs, (Fig. 3D). Furthermore, we report 
the specific expression of the surface marker PDPN in POU5F1+ hPGCs, but also in 
the neural tube (Fig. 3D).
Expression of mesenchymal and adhesion molecules in early hPGCs
We detected a few T (or Brachyury)-positive cells among the POU5F1+ hPGCs (Fig. 
4A). As expected, the notochord was strongly T-positive (Olivera-Martinez et al., 
2012). PECAM1 (or CD31) and CDH5 (or VE-Cadherin), surface markers of en-
dothelial cells, marked both theNdorsal aorta and blood capillaries, but were not ex-
pressed in POU5F1+ hPGCs (Fig. 4A-B). Blood capillaries, including those inside the 
glomeruli, in human kidneys at W16-18 were also positive for PECAM1 and CDH5 
(Supplementary Fig. S3C,D). 
Two other surface markers widely used to mark primed hPSCs, TRA-1-81 and 
SSEA4 (O’Connor et al., 2008), were not expressed in POU5F1+ hPGCs on paraffin 
sections (Fig. 4B-C). At later stages, human gonads have been reported to show aspe-
cific expression of SSEA4, but not TRA-1-81 (Kerr et al., 2008a, b). As control for the 
TRA-1-81 and SSEA4 antibodies used, we showed that those marked cells in paraffin 
sections of teratomas derived from 2102Ep cells (Supplementary Fig. S3B) (Bouma et 
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al., 2017, Josephson et al., 2007).
CDH1 (or E-Cadherin) regulates migration and homing of mPGCs (Richardson and 
Lehmann, 2010), whereas CDH2 (or N-Cadherin) is expressed in post-migratory 
mPGCs (Bendel-Stenzel et al., 2000). Neither CDH1 nor CDH2 were expressed in 
POU5F1+ hPGCs (Fig. 4C-D), however both were expressed in the surface ectoderm 
and additionally CDH1 marked the gut and mesonephros (Fig. 4C-D). As positive 
control, we showed that CDH1 marked the pseudostatified epithelium of collecting 
ducts in the renal pyramids and CDH2 marked convoluted tubules, most probably 
the proximal tubuli (Nouwen et al. , 1993) in the human kidney at W16 (Supplemen-
Figure 4. Expression of mesenchymal and adhesion molecules in the AGM of a CS12-13 human embryo. (A-D) 
Histological sections of the caudal part of the embryo immunostained for POU5F1 (green), T (red) and PECAM1 
(cyan) (A); POU5F1 (green), CDH5 (red) and TRA-1-81 (cyan) (B); POU5F1 (green), CDH1 (red) and SSEA4 
(cyan) (C); and POU5F1 (green), TUBB3 (red) and CDH2 (cyan) (D). All sections were counterstained with DAPI 
(grey). Right panels depict a higher magnification corresponding to the dashed box in the left column (merge and 
single channels). Scale bars are 100μm in the left column and 50μm in all high magnifications. Abbreviation: surf.
ect, surface ectoderm.
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tary Fig. S3D). 
TUBB3 was expressed in POU5F1+ hPGCs, as shown at later stages (Heeren et al., 
2016), but also marked the gut, the neural tube and interestingly the myotome (Fig. 
4D). In conclusion, none of the mesenchymal or adhesion markers studied seemed 
specific enough to reliably identify POU5F1+ hPGCs, and hence hPGCLCs.
Signalling pathways involved in the migration of hPGCs 
Two chemoattractant cytokine-cytokine receptor systems known to be involved in 
human cancer, CXCL12/CXCR4 and KITLG/KIT (Salomonsson et al., 2013, Teich-
Figure 5. Expression of migratory and surface markers in the AGM of a CS12-13 human embryo. (A-D) Histo-
logical sections of the caudal part of the embryo immunostained for POU5F1 (green), ITGB1 (red) and CRCXR4 
(cyan) (A); POU5F1 (green), KIT (red) and DAPI (grey) (B); TFAP2C (green), ITGA6 (red) and EPCAM (cyan) (C); 
and POU5F1 (green), PIWIL4 (red) and CD38 (cyan) (D). All sections were counterstained with DAPI (grey). Right 
panels depict a higher magnification corresponding to the dashed box in the left column, as merge and each single 
channel except DAPI. Scale bars are 100μm in the left column and 50μm in all high magnifications. Abbreviation: 
surf.ect, surface ectoderm.
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er and Fricker, 2010), also regulate aspects of PGC migration in mice (Richardson 
and Lehmann, 2010). To understand whether these two molecular systems also 
regulate PGC migration in humans, we studied the expression of the cytokine re-
ceptors CXCR4 and KIT (or CD117). We did not observe expression of CXCR4 in 
POU5F1+ hPGCs on paraffin sections, but hPGCs showed expression of KIT (Fig. 
5A-B). CXCR4 expression was confirmed in paraffin sections of W19 human adrenal 
and placenta (Supplementary Fig. S3E,F) (Fischer et al., 2008).  
Interestingly, KIT was highly expressed in a clump of cells located in the luminal-ven-
tral side of the dorsal aorta (Fig. 5B), presumably bonafide progenitors of hematopoi-
etic stem cells that give rise to the adult hematopoietic system. Cells at this location 
were also positive for SOX17 (Fig. 3C), PECAM1 (Fig. 4A) and CDH5 (Fig. 4B); con-
firming their identity as fetal intra-aortic hematopoietic cell cluster (Ivanovs et al., 
2014, Nobuhisa et al., 2014). In addition, KIT was also detected in the mesonephros, 
neural tube and dermatome (Fig. 5B).
In mice, ITGB1 (or integrin β1) is expressed in migratory PGCs (Anderson et al., 
1999), but in paraffin sections of the human AGM the ITGB1 antibody showed faint 
ubiquitous staining (Fig. 5A). By contrast, ITGA6 (or integrin α6) showed specific 
expression in early hPGCs, the notochord, ventral part of the gut and surface ec-
toderm (Fig. 5C). ITGA6 and EPCAM were recently used to FACS-sort hPGCLCs 
differentiated from hPSCs (Sasaki et al., 2015), however in paraffin sections EPCAM 
only marked the gut where it colocalized with ITGA6 in the ventral part, but not the 
TFAP2C+ hPGCs (Fig. 5C). EPCAM expression was confirmed in paraffin sections 
of W19 human colon (Supplementary Fig. 3G) (Schnell et al., 2013). 
Finally, we tested CD38, surface marker used to isolate hPGCLCs from differenti-
ating-hPSCs by FACS-sorting (Irie et al., 2015), and observed cytoplasmic staining 
in hPGCs (Fig. 5D). PIWIL4 (Fig. 5D), a pre-meiotic PIWI-member (Siomi et al., 
2011) was enriched in small granules concentrated just outside the nuclear envelope 
in hPGCs, as observed at later stages (Gomes Fernandes et al., 2017). 
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DISCUSSION
There is an increasing interest in the production of human gametes by in-vitro dif-
ferentiation of hPSCs. Currently, we either extrapolate knowledge from mouse early 
gametogenesis to understand the identity of hPGCLCs and/or compare hPGLCs to 
in-vivo hPGCs using transcriptomics analysis (Bucay et al., 2009, Clark et al., 2004, 
Gkountela et al., 2013, Irie et al., 2015, Kee et al., 2009, Sasaki et al., 2015, Sugawa et 
al., 2015, Tilgner et al., 2008). Therefore, it is vital to have a robust toolbox of antibod-
ies validated in migratory early hPGCs in vivo to evaluate and benchmark faithfully 
the different steps of gametogenesis, as well as to have reliable tools to isolate and 
purify hPGCLCs from other differentiated hPSCs in the dish.
We have tested a panel of 31 different markers (33 primary antibodies) in paraffin 
sections of the caudal part of a single human embryo (CS 12-13), containing the 
AGM region, and determined their specificity to identify migratory and early colo-
nizing POU5F1+ hPGCs. This study was limited by the fact that we analysed a single 
embryo, with a limited number of paraffin sections (and hence antibodies that we 
could test) using a single antigen retrieval method (citrate). 
Using POU5F1 staining systematically allowed us to unambiguously identify early 
hPGCs, providing unique information regarding the specificity of the panel of 31 
markers. Two different primary antibodies for POU5F1 were used and both showed 
high nuclear expression in hPGCs, but also cytoplasmic expression, characteristic of 
hPGCs at later stages (Gkountela et al., 2013). Importantly, most antibodies corre-
sponding to nuclear factors POU5F1, NANOG, TFAP2C and PRDM1 were sufficient 
to identify hPGCs, whereas SALL4 and SOX17 were specific to hPGCs but also rec-
ognized additional cell types in the AGM. The biological significance of the specific 
DPPA3 staining in the hPGCs cytoplasm remains to be investigated. Of note is the 
fact that PRDM14, a transcription factor necessary for mPGC specification (Yamaji 
et al. , 2008) and not tested in our study, was also shown to be cytoplasmic in gonadal 
hPGCs (Irie et al., 2015), suggesting that the DPPA3 staining pattern here observed 
may be of relevance.
The antibodies for the epigenetic marks H3K27me3 and 5mC (global DNA methyla-
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tion) were sufficient to distinguish POU5F1+ hPGCs from the surrounding somatic 
cells. These two marks will be important to show whether differentiating hPGCLCs 
are undergoing correct reprogramming (von Meyenn et al., 2016). Interestingly, the 
localization of H3K27me3 to the nuclear lamina of migratory hPGCs is similar to 
that in post-migratory gonadal (E11.5-E13.5) mPGCs (Prokopuk et al., 2017) and 
different from that in migratory (E7.5-E9.5) mPGCs (Chuva de Sousa Lopes et al., 
2008). This species-specific difference is in agreement with the different dynamics 
regarding epigenetic remodelling observed in mice and humans (Gkountela et al., 
2015, Guo et al., 2015, Tang et al., 2016, von Meyenn et al., 2016).
We were unable to detect IFITM3, SSEA1, SSEA4, TRA-1-81, CXCR4, CDH1, CDH2, 
CHD5, ITGB1 and EPCAM specifically in hPGCs in paraffin sections Nevertheless, 
SSEA1, CDH1, CDH2, CDH5, ITGB1 and EPCAM were not only expressed in other 
specific regions of the same paraffin section, but we also showed positive controls in 
paraffin-sections of human different tissues (teratoma, mesonephros, kidney, placen-
ta, adrenal and colon). This suggested that mPGCs and hPGCs may respond to dif-
ference cues to migrate and hence express different surface markers, highlighting the 
need for functional studies and the validation of in-vitro discoveries in the human. 
The surface antibodies to detect ALPL, KIT and ITGA6 have been used successfully 
to isolate hPGCs (Gkountela et al., 2013, Guo et al., 2015) and/or hPGCLCs (Gk-
ountela et al., 2013, Irie et al., 2015, Sasaki et al., 2015, Sugawa et al., 2015) by FACS. 
The surface marker PDPN may also be a suitable marker to include when identifying 
hPGCs and or hPGCLCs. However, we show here that those surface markers iden-
tified POU5F1+/TPAP2C+ hPGCs, but recognized other cell types in the caudal/
AGM region. In the same line, cytoplasmic TUBB3 marked POU5F1+ hPGCs, but 
is also expressed in neural crest derivatives (Heeren et al., 2016, Locher et al., 2014) 
and other progenitor cell types such as the myotome. Therefore, we strongly suggest 
a combinatorial use of markers to unambiguously identify hPGCs or hPGCLCs.
We observed that several markers, such as KIT (Ivanovs et al., 2014) and SOX17 
(Zhang et al., 2017), were expressed by both early POU5F1+ hPGCs and the in-
tra-aortic hematopoietic stem cell cluster (luminal-ventral part of the dorsal aorta). 
Therefore, using these two markers alone may lead to the misidentification (or bulk 
Book 1.indb   70 30/08/2018   17:39:40
71
3
Characterization of primordial germ cells in the aorta-gonad-mesonephros of a 4.5 week-old  human 
embryo: a toolbox to evaluate in-vitro early gametogenesis
isolation) of these two cell types. Interestingly, although IFITM3 showed no specific-
ity for POU5F1+ hPGCs, we did notice an enrichment in the intra-aortic hematopoi-
etic stem cell cluster (Fig. 3B). In mouse, IFITM3 has not been described as marker of 
intra-aortic hematopoietic stem cell clusters, but has been detected in (Runx1+) yolk 
sac hematopoietic cells (Mikedis and Downs, 2013). 
We provide a unique insight in the specificity of a panel of 31 different markers, 
including pluripotency, surface and epigenetic markers, to identify and distinguish 
early hPGCs (and hPGCLCs) from the surrounding somatic cells. We report several 
striking differences between mPGCs and hPGCs and show that (surface) markers 
tend to react with several cell types in the embryo, including the intra-aortic hemato-
poietic stem cells present in the AGM. Transcription factors are usually not solely 
involved in the specification of a single lineage and cells can share the expression 
of many markers, hence a careful and thoughtful choice of markers is crucial when 
studying in-vitro differentiation. Our results provide a toolbox of markers to better 
evaluate protocols to induce the formation of hPGCLCs in vitro.
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Supplementary Figure S1. Isotype controls for the primary antibodies used. Paraffin-embedded sections of the 
anterior part of the CS12-13 embryo were used for isotype controls. See also Supplementary Table S1. Scale bars are 
100μm. 
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Supplementary Figure S2. Epigenetics in hPGCs at CS12-13 (related to Figure 1). High magnifications of several 
single hPGCs stained for (A) POU5F1 (green), 5mC (cyan), H3K27me3 (red) and (B) POU5F1 (red) and 5hmC 
(green). All sections were counterstained with DAPI (grey). Scale bars are 10μm.
Book 1.indb   80 30/08/2018   17:39:41
81
3
Characterization of primordial germ cells in the aorta-gonad-mesonephros of a 4.5 week-old  human 
embryo: a toolbox to evaluate in-vitro early gametogenesis
Supplementary Figure S3. Positive controls for primary antibodies used. Histological sections of (A) W9 meso-
nephros immunostained for SSEA1 (red); (B) teratomas derived from 2102Ep cell line immunostained for POU5F1 
(red) and SOX2 (green) (left panel); POU5F1 (red) and SSEA4 (green) (middle panel); and POU5F1 (red) and TRA-
1-81 (green) (right panel); (C) W18 kidney immunostained for PECAM1 (green); (D) W16 kidney immunostained 
for CDH5 (red) (left panel); CDH1 (green) (middle panel); and CDH2 (red) (right panel); (E-F) W19 placenta (E) 
and adrenal (F) immunostained for CXCR4 (green); and (G) W15 colon immunostained for EPCAM (green). Scale 
bars are 50μm.
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Supplementary Figure S4. Expression of DPPA3 and IFITM3 in W8-9 gonads. (A) Representative image depicting 
the expression of pluripotency markers POU5F1 (green) and DPPA3 (magenta) in whole mount and paraffin sec-
tions of W8-9 gonads. (B) Representative image depicting the expression of pluripotency marker POU5F1 (green) 
and IFITM3 (magenta) in paraffin sections of W8-9 gonads. Scale bars are 50μm.
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Supplementary Table S1. List of primary antibodies and respective isotype controls used in this study
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Supplementary Table S2. List of secondary antibodies used in this study.
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Study question: What is the dynamics of expression of PIWILs in the germline dur-
ing human fetal development and spermatogenesis?
Summary answer: PIWIL1, PIWIL2, PIWIL3 and PIWIL4 were expressed in a 
sex-specific fashion in human germ cells (GC) during development and adulthood. 
PIWILs showed a mutually exclusive pattern of subcellular localization. PIWILs 
were present in the intermitochondrial cement and a single large granule in meiotic 
GC and their expression was different from that observed in mice, highlighting spe-
cies-differences.
What is known already: In mice, PIWIL proteins play prominent roles in male infer-
tility. PIWIL mouse mutants show either post-meiotic arrest at the round spermatid 
stage (PIWIL1) or arrest at the zygotene-pachytene stage of meiosis I (PIWIL2 and 
PIWIL4) in males, while females remain fertile. Recent studies have reported a ro-
bust piRNA pool in human fetal ovary. 
Study design, size, duration: This is a qualitative analysis of PIWILs expression in 
paraffin-embedded fetal human male (N=8), female gonads (N=6) and adult testes 
(N=5), and bioinformatics analysis of online available single-cell transcriptomics 
data of human fetal germ cells (n=242).
Participants/materials, setting, methods: Human fetal gonads from elective abor-
tion without medical indication and adult testes biopsies were donated for research 
with informed consent. Samples were fixed, paraffin-embedded and analysed by 
immunofluorescence to study the temporal and cellular localization of PIWIL1, PI-
WIL2, PIWIL3 and PIWIL4. 
Main results and the role of chance: PIWIL1, PIWIL2 and PIWIL4 showed a mu-
tually exclusive pattern of subcellular localization, particularly in female oocytes. To 
our surprise, PIWIL1 revealed the presence of a single dense paranuclear body, re-
sembling the chromatoid body of haploid spermatocytes, in meiotic oocytes. Moreo-
ver, in contrast to mice, PIWIL4, but not PIWIL2, localized to the intermitochondrial 
cement. PIWIL3 was not expressed in GC during development. The upregulation of 
PIWIL transcripts correlated with the transcription of markers associated with piR-
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NAs biogenesis like the TDRDs and HENMT1 in fetal GC.
Large scale data: non-applicable. 
Limitations, reasons for caution: This study is limited by the restricted number of 
samples and different stages analysed.
Wider implications of the findings: In the germline, PIWILs ensure the integrity of 
the human genome protecting it from “parasitic sequences”. This study offers novel 
insights on the expression dynamics of PIWILs during the window of epigenetic re-
modelling and meiosis, and highlights important differences between humans and 
mice, which may prove particularly important to understand causes of infertility and 
improve both diagnosis and treatment in humans.
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The human germline is responsible for passing on genetic information to the next 
generation, ensuring the continuation of our species. It is therefore important that 
our genome in the germline retains its integrity, particularly by avoiding the random 
insertion of transposable elements (TE) (Juliano et al., 2011; Siomi et al., 2011; Yang 
and Wang, 2016).
In the mammalian germline, the genome is most vulnerable for disruption during 
two time windows. The first is during and after epigenetic reprogramming, when 
germ cells (GC) undergo genome-wide DNA demethylation. The second time 
window is during and after the pachytene-phase of meiosis when synapsed sister 
chromatids exchange chromosome segments. PIWI (P-element induced wimpy tes-
tis)-like (PIWIL) proteins operate during these two time windows to ensure the ge-
nome integrity of the germline (Iwasaki et al., 2015; Juliano et al., 2011; Siomi et al., 
2011; Yang and Wang, 2016). PIWIL proteins not only associate with a germline-spe-
cific category of small non-coding RNAs, the PIWI-interacting (pi)RNAs, forming a 
functional complex; but are also involved in their biosynthesis (Aravin et al., 2008; 
Kuramochi-Miyagawa et al., 2008; Siomi et al., 2011). 
In adult male mice, “pachythene”-type of piRNAs associate with PIWIL1 (MIWI) 
and PIWIL2 (MILI) in a single compact granule, known as satellite-body in pachyt-
ene-stage spermatocytes and chromatoid-body in haploid round spermatids (Deng 
and Lin, 2002; Kotaja and Sassone-Corsi, 2007; Onohara et al., 2010; Siomi et al., 
2011). In mice, “pre-pachytene”-type of piRNAs are expressed between embryon-
ic day (E)15 and post-natal day (P)3 and are associated with PIWIL2 and PIWIL4 
(MIWI2) in mitotically-arrested prospermatogonia (Aravin et al., 2008; De Fazio et 
al., 2011; Kuramochi-Miyagawa et al., 2008). 
In prospermatogonia, PIWIL2-piRNA and PIWIL4-piRNA complexes are present 
in pi-bodies (also known as intermitochondrial cement) and piP-bodies (or discrete 
bodies), respectively (Eddy, 1974; Siomi et al., 2011; van der Heijden et al., 2010). 
They contain a distinct composition of proteins and are found in adjacent locations 
just outside nuclear pores (Aravin et al., 2009; Shoji et al., 2009; Siomi et al., 2011; van 
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der Heijden et al., 2010). PIWIL4 can also be nuclear, where de novo DNA methyla-
tion of TE takes place, between E15-P3 (Aravin et al., 2008). 
In mice, the deletion of each PIWIL results in male infertility due to either post-mei-
otic arrest at the round spermatid stage (PIWIL1) (Deng and Lin, 2002) or arrest 
at the zygotene-pachytene stage of meiosis I (PIWIL2 and PIWIL4) (Carmell et al., 
2007; Kuramochi-Miyagawa et al., 2004); whereas female mice remain fertile. There-
fore, the role of PIWIL and piRNAs in females is less well understood. As in males, 
PIWIL2-granules have been described in oocytes in intermitochondrial cement from 
E12.5 until adulthood (from primordial to antral follicles) (Aravin et al., 2008; Ka-
bayama et al., 2017; Lim et al., 2013). By contrast, PIWIL4 is not expressed in mouse 
oocytes (Aravin et al., 2008; Kabayama et al., 2017). PIWIL1 was only observed in 
oocytes during adulthood (Ding et al., 2013; Kabayama et al., 2017), but its expres-
sion in satellite- or chromatoid-body-like granule, as in males, has not been reported. 
Compared to mice, humans have one extra PIWIL, PIWIL3, which is expressed in 
maturing oocytes in the adult ovary (Roovers et al., 2015). Specific haplotypes in 
PIWIL4 and PIWIL3 as well as DNA hypermethylation of the PIWIL2 promoter 
have been associated with increased risk of oligozoospermia and azoospermia (Gu 
et al., 2010; Heyn et al., 2012; Munoz et al., 2014). Moreover, deregulation of PIWIL 
and piRNAs has been detected in several types of cancer, including epithelial ovarian 
cancer (Chen et al., 2013; Lim et al., 2014) and testicular germ cell tumours, such as 
seminoma, non-seminoma and mixed tumours (Ferreira et al., 2014; Gainetdinov et 
al., 2014; Hempfling et al., 2017).
The expression of the different PIWIL proteins during gametogenesis has not been 
systematically investigated in humans. Here, we investigated the expression pattern 
of PIWIL1, PIWIL2, PIWIL3 and PIWIL4 in human female and male first (7-12 
weeks of gestation, W7-12) and second (W17-22) trimester gonads, and adult testes. 
We show that, in contrast to mice, human oocytes in primordial follicles contain 
PIWIL4-enriched intermitochondrial cement (or pi-bodies), whereas PIWIL2-gran-
ules were widely expressed in the cytoplasm, but largely excluded from the (PI-
WIL4-enriched) intermitochondrial cement. Additionally, we provide evidence that 
PIWIL1 concentrates in a compact large granule in the cytoplasm of human oocytes 
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in primordial follicles, reminiscent of the satellite-body or chromatoid body.
MATERIAL AND METHODS
Ethical approval for use of human fetal tissue
The Medical Ethical Committee of the Leiden University Medical Center (P08.087) 
approved all procedures regarding the collection and use of human fetal material. The 
gestational age in weeks (W) and days was calculated from the crown-rump length 
(CRL) of the fetus, before the medical procedure, by obstetric ultrasonography. Hu-
man fetal tissue (Supplementary Table S1) was donated for research with informed 
consent from elective abortions without medical indication. 
The Basque Ethics Committee for Clinical Research (CEIC-E PI2014205) approved 
the procedures regarding the collection and use of testicular biopsies from adult pa-
tients (Supplementary Table S1), obtained during a testicular biopsy performed in 
vasectomised patients in search of spermatozoa to be cryopreserved for a later intra-
cytoplasmic sperm injection. Only positive biopsies were studied. Fully signed writ-
ten informed consent was obtained from those patients. 
Collection of the fetal gonads
Gonads were isolated in cold 0.9% NaCl (Fresenius Kabi), fixed in 4% paraformal-
dehyde (PFA) (MERCK) overnight (o/n) at 4°C, washed in phosphate-buffered sa-
line (PBS) and transferred to a 70% ethanol solution followed by paraffin embedding 
using a Shandon Excelsior tissue processor (Thermo Scientific, Altrincham, UK). 
The material was sectioned (5 μm) using a RM2065 microtome (Leica Instruments 
GmbH, Wetzlar, Germany) onto StarFrost slides (Waldemar Knittel). Sex genotype 
was performed by PCR amplification of AMELX and AMELY, with fragments of 
977bp from X chromosome and 790bp from Y chromosome. PCR conditions and 
primers were as previously described (Heeren et al., 2015).
Immunofluorescence and imaging
Immunofluorescence was performed as previously described (Heeren et al., 2016) 
and information regarding primary and secondary antibodies used is provided in 
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Supplementary Table S2. Paraffin sections of mouse testes (gift from M. de Ruiter) 
were used as positive controls for PIWIL1, PIWIL2 and PIWIL4 (Supplementary 
Figure S1A-B); and of adult ovary (approved by Medical Ethical Committee of the 
Leiden University Medical Center CME 05/03 K/YR) were used for positive control 
for PIWIL3 (Supplementary Figure S1C). Negative controls were performed by omit-
ting the primary antibodies (Supplementary Figure S1D). 
The immunostained slides were scanned on a Pannoramic MIDI digital scanner 
(3DHISTECH, Budapest, Hungary) and analysed with the software “Pannoramic 
Viewer” (3DHISTECH). Imaging was also performed on a Leica TCS SP8 upright 
confocal microscope (Leica Microsystems, Wetzlar, Germany) using the Leica Ap-
plication Suite Advanced Fluorescence software (LAS AF, Leica, Wetzlar, Germany). 
Figures were prepared in Adobe Photoshop (Adobe Systems, San Jose, CA, USA) and 
the image-processing software Fiji (Schindelin et al., 2012).
Fluorescence-activated cell sorting (FACS) analysis and statistics
Fetal gonads were minced and treated with a mix of 0.1 mg/ml Dispase (17105—041, 
Life Technologies), 0.1 mg/ml Collagenase IV (LS004186, Worthington Biochem-
ical Corporation), 9 µg/ml Hyaluronidase (0210074080, MP Biomedicals) and 27 
Units Rnase-free DNase I (79254, Qiagen) for 1 hour at 37°C. The cell suspension 
was filtered through a 100 µm cell strainer (734-0004, Falcon), fixed in 4% PFA for 
5 minutes at room temperature (RT), permeabilized in 0.05% Saponin (47036-50g-
F, Merck) for 10 minutes at RT. Cells were incubated with primary antibodies in 
blocking solution (1% Bovine Serum Albumin (BSA, A8022-50G, Merck), 1% Fetal 
Calf Serum, 0.05% Saponin) 1 hour at RT, washed, incubated with secondary anti-
body in blocking solution 1 hour at RT, resuspended in FACS buffer (1% BSA, 10µm 
EDTA in PBS) and analysed on a BD FACSAria III (BD Biosciences, Erembodegem, 
Belgium). Part of each sample was used as negative control. Antibodies and isotype 
controls used are described in Supplementary Table S2. Statistical analysis of the GC 
populations was performed using the Mann-Whitney U Test, with p-value <0.05 for 
significance. 
Bioinformatic analysis of single-cell transcriptomics from human germ cells
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Unsupervised hierarchical clustering of online available single-cell transcriptomics 
data from human gonadal cells (n=93 female germ cells, n=149 male germ cells, n=38 
female somatic cells, n=48 male somatic cells) of 1st and 2nd trimester and 43 genes of 
interest is depicted in two different heatmaps generated with the R package gplots. 
Data in reads per kilobase of transcript per million (RPKM) was downloaded from 
the Gene Expression Omnibus (GEO) database (GEO: GSE63818) (Guo et al., 2015).
RESULTS
PDPN and DDX4 distinguished different human GC during development
To understand the localization of PIWIL proteins in human germ cells (GC), we first 
distinguished their phases of development using immunostaining for POU5F1 (or 
OCT4), PDPN (or podoplanin) and DDX4 (or VASA) (Anderson et al., 2007; Heeren 
et al., 2016). Female and male W7-12 GC showed low or no DDX4 expression, but 
co-localization of nuclear POU5F1 and cell-surface PDPN (Figure 1A,B). In W17-
22 ovaries, we still observed POU5F1+/PDPN+/DDX4- GC, but a population of 
DDX4+/POU5F1-/PDPN- GC, that included pre-meiotic, meiotic and those encap-
sulated in primordial follicles, became prominent (Figure 1C). In the seminiferous 
tubules of W17-22 testes, both POU5F1+/PDPN+/DDX4- and DDX4+/POU5F1-/
PDPN- GC were observed side-by-side (Figure 1D). Quantification by FACS-analy-
sis showed that between W18-22, GC made up 75% of the ovaries, but only 4% of the 
testis (Figure 1E). The relative composition of GC in the gonads is 47±11% POU5F1+ 
and 53±11% DDX4+ GC in ovaries (N=4); and significantly different (p<0.05) from 
14±8% POU5F1+ and 86±8% DDX4+ GC (N=4) in testes (Figure 1F). 
PIWIL1 localized to a single large dense satellite-like body in meiotic female GC
Between W7-12, cytoplasmic PIWIL1 was detected in PDPN+/DDX4- female GC in 
the periphery of the gonad (Figure 2A-C, 2A’). Between W17-W22, the peripheral 
rim of PDPN+/DDX4- female GC continued to show cytoplasmic PIWIL1 (Figure 
2D-E, 2D’-E’; Supplementary Figure S2A). Surprisingly, DDX4+/PDPN- GC showed 
enrichment of PIWIL1 in a single large dense satellite-like granule just outside the 
nuclear envelope. This granule seemed to disappear during the pachytene stage, re-
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appearing thereafter in oocytes in primordial follicles (green arrows in Figure 2F’, 
2H’; Supplementary Figure S2). Moreover, in oocytes in primordial follicles small 
nuclear foci of PIWIL1 were observed (green asterisks in Figure 2H’; Supplementary 
Figure S2), but those were not necessarily in close proximity of the single cytoplasmic 
PIWIL1-positive granule (Supplementary Figure S1B). In males, PIWIL1 was neither 
detected in PDPN+/DDX4- GC, nor in DDX4+/PDPN- GC (or prospermatogonia) 
(Figure 2I-N). However, faint expression of PIWIL1 was detected in somatic cells 
outside the seminiferous tubules (Figure 2I-N). In adult testes, (mitochondria-rich 
Figure 1. Expression of PDPN, POU5F1 and DDX4 in human gonads. (A) Female gonad (W9.6) showing a ho-
mogeneous population of double positive POU5F1 and PDPN GC. (B) Female gonad (W20) showing in addition to 
POU5F1+/PDPN+ GC, a distinct population of DDX4+/POU5F1- GC (pre-meiotic, meiotic and those encapsulated 
in primordial follicles). (C) Male gonad (W9.6) homogeneously expressing POU5F1 and PDPN in GC. (D) Male 
gonad (W21.5) showing distinct populations of POU5F1+/PDPN+ GC and DDX4+ pre-meiotic GC in the seminif-
erous tubules (dashed line). (E) FACS dot-plots showing female and male gonads immunostained for POU5F1 and 
DDX4, as well the isotype controls. Gatings show the percentage of POU5F1-positive (green) and DDX4-positive 
(red) GC. (F) Quantification of relative percentage (%) of POU5F1-positive (green) and DDX4-positive GC per go-
nad. Identification (ID) and age (weeks) are provided for each gonad. Both the % POU5F1-positive and DDX4-pos-
itive GC were statistically different between males and females (*, p<0.05). Scale bars are 20µm in A,B,D and inserts 
in C; and 200µm C.
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TUFM-positive) spermatogonia (Ramalho-Santos et al., 2009) did not express PI-
WIL1, but PIWIL1 was expressed in the cytoplasm of spermatocytes and spermatids, 
Figure 2. PIWIL1 expression in the female and male germ cells. (A-N) Histological sections immunostained for 
PIWIL1 (green), PDPN (cyan) and DDX4 (red) and counterstained with DAPI (white) of female gonad (W9.6) (A-
C), female gonad (W22) (D-H), male gonad (W12) (I-K) and male gonad (W20) (L-N). (O-S) Histological sections 
immunostained for PIWIL1 (green), TUFM (cyan) and DDX4 (red) and counterstained with DAPI (white) of adult 
human testis. Green arrows point to the single dense paranuclear granule; green asterisks mark nuclear foci of PI-
WIL1. Scale bars are 500µm in D,D’; 100µm A,A’,I,I’,L,L’; 50µm in H,H’, O,O’; 20µm in B,C,E-G,E’-G’,J,K,M,N and 
10µm in P-S and P’-S’.
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particularly in the chromatoid body (Figure 2O-S, 2O’-S’). 
PIWIL4 associated with intermitochondrial cement in oocytes in primordial fol-
licles and spermatogonia
We observed PIWIL4 in the cytoplasm of PDPN+/DDX4- female GC (Figure 3A-E, 
3A’-E’; Supplementary Figure S3A), but also in somatic cells in the mesonephros (Fig-
ure 3A). In (pre) meiotic DDX4+/PDPN- GC, PIWIL4-positive cytoplasmic granules 
became localized to the outer surface of the nuclear envelope (Figure 3F-G, 3F’-G’).
In DDX4+/PDPN- oocytes in primordial follicles, PIWIL4 was still observed in small 
cytoplasmic granules, close to the nuclear envelope, in one (or several) characteris-
tic broad crescent-like structures (Figure 3H, 3H’; Suplementary Figure S3), most 
probably the intermitochondrial cement, also known in female cells as Balbiani body 
(Hertig and Adams, 1967), where mitochondria are known to accumulate.
We next investigated the localization of (GM130-positive) Golgi apparatus and 
(TUFM-positive) mitochondria in primordial follicles and confirmed that the broad 
crescent-like structure in the cytoplasm where PIWIL4 accumulated was indeed 
(TUFM-positive) intermitochondrial cement (Figure 4A).
As in females, in males cytoplasmic PIWIL4 was observed in PDPN+/DDX4- GC 
(Figure 3I-N). PIWIL4 in DDX4+/PDPN- (pre-meiotic prospermatogonia) male GC 
from W17-22 showed strong localization to (TUFM-positive) intermitochondrial 
cement, suggesting active TE silencing at that stage (green arrow in Figure 3M, 4B). 
In adults testes, strong co-localization between TUFM-positive intermitochondrial 
cement and PIWIL4 remained (Figure 3O-S, 2O’-S’). 
PIWIL2 was depleted from intermitochondrial cement in oocytes in primordial 
follicles
Cytoplasmic PIWIL2 expression was detected in the majority of PDPN+/DDX4- fe-
male GC (Figure 5A-E, 5A’-E’; Supplementary Figure S3A). As DDX4+/PDPN- GC 
entered meiosis, the cytoplasmic expression of PIWIL2 decreased transiently and in-
creased again in oocytes in primordial follicles (Figure 5F-H, 5F’-H’; Supplementary 
Figure S3). Surprisingly, in oocytes in primordial follicles, PIWIL2 as depleted from 
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(TUFM-positive) intermitochondrial cement (Figure 4A; green arrows in Figure 5H’; 
Supplementary Figure S3), in a seemingly opposite or complementary expression 
Figure 3. PIWIL4 expression in the female and male germ cells. (A-N) Histological sections immunostained for 
PIWIL4 (green), PDPN (cyan) and DDX4 (red) and counterstained with DAPI (white) of female gonad (W9.6) (A-
C), female gonad (W22) (D-H), male gonad (W7.4) (I-K) and male gonad (W20) (L-N). (O-S) Histological sections 
immunostained for PIWIL4 (green), TUFM (cyan) and DDX4 (red) and counterstained with DAPI (white) of adult 
human testis. Green arrows point to intermitochondrial cement. Scale bars are 500µm in D,D’; 100µm A,A’,I,I’,L,L’; 
50µm in H,H’, O,O’; 20µm in B,C,E-G,E’-G’,J,K,M,N and 10µm in P-S and P’-S’.
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pattern to that observed for PIWIL4 (Figure 4A). 
PIWIL2 expression in PDPN+/DDX4- male GC was similar to that in females (Figure 
5I-N). Between W17-22, cytoplasmic and nuclear PIWIL2 granules were detected in 
some DDX4+/PDPN- GC (Figure 5L-N). Interestingly, in adult testes strong nuclear 
accumulation was observed specifically in round spermatids (Figure 5O-S, 5O’-S’).
PIWIL1 and PIWIL2 are enriched in meiotic female GC
Next, we used online available single-cell transcriptomics data from human male and 
female gonadal somatic and GC from 1st and 2nd trimester (Guo et al., 2015) to 
correlate the expression of PIWIL with 39 selected genes known to be functionally 
associated with PIWIL and or expressed in the germline (Chuma et al., 2006; Juliano 
et al., 2011; Siomi et al., 2011; van der Heijden et al., 2010; Yang and Wang, 2016). 
Figure 4. Localization of PIWILs relative to the Golgi apparatus and mitochondria. (A-B) Histological sections 
of human female (W22) (A) and male (W20) (B) gonads immunostained for the Golgi-marker GM130 (green), PI-
WIL4 (green) or PIWIL2 (green) in combination with DDX4 (cyan), mitochondria-marker TUFM (red) and coun-
terstained with DAPI (white). Yellow arrows point to complexes of Golgi apparatus; yellow dashed areas in oocytes 
mark the concentration of TUFM+ mitochondria (intermitochondrial cement). Scale bars are 20µm.
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First, we observed that PIWIL3 was absent from both female and male GC in 1st and 
2nd trimester both at the RNA level (Figure 6) and at the protein level between W7-
12 and W17-22 (Supplementary Figure S5). Moreover, we confirmed that PIWIL3 is 
Figure 5. PIWIL2 expression in the female and male germ cells. (A-N) Histological sections immunostained for 
PIWIL2 (green), PDPN (cyan) and DDX4 (red) and counterstained with DAPI (white) of female gonad (W9.6) (A-
C), female gonad (W22) (D-H), male gonad (W7.4) (I-K) and male gonad (W20) (L-N). (O-S) Histological sections 
immunostained for PIWIL2 (green), TUFM (cyan) and DDX4 (red) and counterstained with DAPI (white) of adult 
human testis. Green arrows point to intermitochondrial cement; white arrows point to nuclear foci of PIWIL2. Scale 
bars are 500µm in D,D’; 100µm A,A’,I,I’,L,L’; 50µm in H,H’, O,O’; 20µm in B,C,E-G,E’-G’,J,K,M,N and 10µm in P-S 
and P’-S’.
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expressed in human maturing oocytes during adult oogenesis (Supplementary Fig-
ure S1C). 
Hierarchical clustering showed that the somatic cells and different stages of GC clus-
tered separately (Figure 6). HENMT1, a methyltransferase that adds a 2’-O-methyl 
group at the 3’-end of (pre-pachytene and pachytene) piRNAs (Lim et al., 2015) and 
MAEL, important for the biosynthesis of piRNA (Soper et al., 2008), but also known 
to associate with unsynapsed chromosomes during meiosis (Costa et al., 2006), were 
expressed in both female and male GC (Figure 6). 
In females, other genes associated with the PIWIL/piRNA pathway and biosynthesis 
machinery (grey area in Figure 6A) were expressed and showed 3 distinct clusters: 
1) either lowly (but not absent) expressed in female GC, including PIWIL4 and piP-
body markers DDX6, XRN1 and DCP1A; 2) moderately expressed in female GC, 
including PIWIL1, PIWIL2 and DICER1 and 3) specifically expressed in meiotic GC, 
such as ASZ1 and MOV10L1. 
Figure 6. Unsupervised hierarchical clustering of single-cell human female and male germ cells. (A-B) Heatmaps 
depict the expression of 43 selected germline-specific genes and PIWI/piRNA associated genes (cluster in grey box) 
in female (n=93 germ cells and n=38 somatic cells) and male (n=149 germ cells and n=48 somatic cells) single-cells 
from 9 different donors from 1st and 2nd trimester (Guo et al., 2015). Note that the single cells cluster into somatic 
(black), POU5F1+/PDPN+ germ cells (GC) (violet), pre-meiotic GC (green) and meiotic GC (orange). This dataset 
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In males, PIWIL2 and TDRD9 clustered together and were expressed in GC (Figure 
6B). Most other genes associated with the PIWIL/piRNA pathway and biosynthesis 
machinery (grey area in Figure 6B) were 1) lowly expressed (but not absent) in GC; 
or 2) specifically (lowly) expressed in pre-meiotic GC. Together, our analysis suggests 
that the PIWIL/piRNA biosynthesis machinery is in place in the different stages of 
human GC.
DISCUSSION
PIWILs were expressed in PDPN+/DDX4- positive GC
Human GC develop differently than mouse GC in several aspects, such as the pro-
nounced asynchronicity regarding the upregulation of DDX4 and timing of meiotic 
entry (Anderson et al., 2007; Heeren et al., 2016; Kurilo, 1981). Interestingly, PDPN+/
DDX4- female GC in 1st trimester do not synthesise piRNAs (Roovers et al., 2015). 
Therefore, the observation that all PIWILs studied were expressed in the cytoplasm 
of PDPN+/DDX4- female GC, suggests that PIWILs are either stored in the cyto-
plasm to become functional later in development; or they have a piRNA-independent 
function in PDPN+/DDX4- GC.
In humans, PIWIL4 but not PIWIL2 is present in intermitochondrial cement
Surprisingly, PIWIL4 in male DDX4+/PDPN- GC, (but neither PIWIL2 nor DDX4), 
is present in intermitochondrial cement. By contrast, in mice it is PIWIL2 that re-
sides in intermitochondrial cement (or pi-bodies), whereas PIWIL4 is in the larger 
piP-bodies (Aravin et al., 2009; Eddy, 1974; van der Heijden et al., 2010).
In addition, whereas PIWIL4 was not previously detected in the mouse female 
germline (Aravin et al., 2008; Kabayama et al., 2017), in female DDX4+/PDPN- GC 
the localization of PIWIL4 is unmistakably to intermitochondrial cement (Hertig 
and Adams, 1967). It is noteworthy that Roovers and colleagues were able to predict 
expression of PIWIL4 from the piRNAs detected in female GC (Roovers et al., 2015).
PIWIL2 and PIWIL4 seem to occupy mutually exclusive cytoplasmic compartments 
in oocytes in primordial follicles, PIWIL2 being largely excluded from the intermi-
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tochondrial cement. Similar to PIWIL2, DDX4 was also depleted from the inter-
mitochondrial cement, but the DDX4-positive granules distributed throughout the 
cytoplasm appear to be adjacent to PIWIL2-positive granules. 
PIWIL4: is symmetry breaking needed in mammalian oocytes?
During zygotene, the telomeres of the pairing chromosomes gather at one nuclear 
pole (“bouquet”) to facilitate pairing and that determines the position of the intermi-
tochondrial cement (or Balbiani body) (Elkouby et al., 2016).
In animals with a “preformation mode” of germline formation, including Xenopus, 
zebrafish and fruit fly, the position of intermitochondrial cement in the maturing oo-
cytes determines the animal-vegetal axis of the future embryo and marks the cells fat-
ed for the germline (Bertocchini and Chuva de Sousa Lopes, 2016). The segregation 
of intermitochondrial cement and its components, such as homologues of PIWIL 
and DDX4, involved in silencing transcription (Siomi et al., 2010; Yang and Wang, 
2016) to the future GC ensures that only GC undergo the necessary transcriptional 
silencing/regulation, but not the other cells of the embryo. 
By contrast, in mammals with “induction mode” of GC formation symmetry break-
ing via the localization of intermitochondrial cement may be less critical and even 
undesirable. This may explain the presence of multiple “crescents” in oocytes and 
broad localization of PIWIL4 and PIWIL2. As all cells in the early mammalian em-
bryo can still be induced to a GC fate, the strategy may be to initially distribute in-
termitochondrial cement and its components of each cell of the embryo, to prime 
but at the same time prevent germline lineage segregation until later in development 
through inductive signals, such as BMPs (Bertocchini and Chuva de Sousa Lopes, 
2016). 
Human PIWIL1 accumulated in single large dense paranuclear granules in mei-
otic oocytes
In male adult mice, PIWIL1 accumulated in the cytoplasm as a single compact gran-
ule, known as satellite-body in pachytene-stage spermatocytes and chromatoid-body 
in haploid round spermatids (Deng and Lin, 2002; Kotaja and Sassone-Corsi, 2007; 
Onohara et al., 2010; Siomi et al., 2011). As in mice, PIWIL1 was not observed in 
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human fetal testes; but in adult testes it accumulated in the large cytoplasmic foci in 
spermatocytes and in the chromatoid body. 
In female meiotic GC, we describe for the first time the accumulation of PIWIL1 in 
a single condensed granule that bears similarities in terms of shape and localization 
to the male-specific satellite-body and chromatoid-body. However, we did not ob-
serve co-localization of PIWIL1 and DDX4, characteristic of the chromatoid body, 
at least until W22. Interestingly, Castrillon and colleagues reported the presence of 
single large dense paranuclear DDX4-positive granules in oocytes at W35, but not at 
W17 (Castrillon et al., 2000). This suggests that in meiotic oocytes the co-localization 
between DDX4 and PIWIL1 in paranuclear dense granules, as observed in the male 
chromatoid body (Kotaja and Sassone-Corsi, 2007; Parvinen, 2005), may only occur 
later in development.
PIWIL1 in meiotic female GC: a link between cytoplasm and nucleus?
In mice, PIWIL1 co-precipitates with MAEL in adult testes (Costa et al., 2006). 
MAEL is present in the cytoplasm in intermitochondrial cement and chromatoid 
body, but also in the nucleus where it specifically associates with unsynapsed chro-
matin of autosomes and the XY-body during meiosis (Costa et al., 2006). We also 
observed nuclear foci of PIWIL1 in meiotic oocytes in primordial follicles (as well as 
male spermatocytes). It remains to be investigated whether PIWIL1/piRNA could, 
perhaps together with MAEL, ensure silencing of unsynapsed chromatin during mei-
osis in the human germline. 
The meiotic silencing of unsynapsed chromatin (MSUC) may be less crucial in fe-
males as all chromosomes, including the XX chromosomes, have homologues and 
pair during meiosis. By contrast, the non-homologous male X and Y chromosomes 
undergo transcriptional silencing or meiotic sex chromosome inactivation (MSCI) 
at the zygotene to pachytene transition (Turner, 2007). Defects in MSCI lead to male 
meiotic-derived sterility in mice and to a certain extent in humans (de Vries et al., 
2012; Turner, 2007), and that is, not surprisingly, the phenotype observed in PIWIL1 
deficient mice (Deng and Lin, 2002).




Our data shows a dynamic, sex-specific and mutually exclusive expression of 4 dif-
ferent PIWILs during human gametogenesis. The pattern of PIWIL4 and PIWIL2 in 
humans is opposite to that in mice, with localization of PIWIL4, and not PIWIL2, to 
intermitochondrial cement. PIWIL3 was only expressed in growing oocytes. The pat-
tern of PIWIL1 revealed the presence of a dense single granule in oocytes in primor-
dial follicles. We speculate on a putative role for (nuclear) PIWIL1 ensuring silencing 
of unsynapsed chromosomes during meiosis; and the function of PIWIL4 and PI-
WIL2 regulating GC identity through transcriptional silencing during the life cycle. 
Together, the expression of PIWIL and of certain piRNA types (Roovers et al., 2015; 
Williams et al., 2015) suggests that PIWIL/piRNA may have functions independent 
of TE silencing in human gametogenesis.
In humans, regulation by PIWIL/piRNA seems in place to ensure genome integrity 
during epigenetic reprogramming and chromosome pairing during meiosis, howev-
er mice and humans differ substantially regarding the localization of PIWILs. These 
novel insights will help optimise methods for in vitro gametogenesis in humans, and 
hopefully bypass the pachytene-checkpoint the current ones encounter (Chuva de 
Sousa Lopes and Roelen, 2015; Handel et al., 2014). Finally, investigating gametogen-
esis in humans is crucial to increase our understanding of causes and develop better 
treatments for infertility in humans.
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Supplementary Figure S1. Positive and negative immunofluorescence controls for PIWILs used. (A) PIWIL1 
showed expression in mouse adult testis in the satellite body of spermatocytes and chromatoid body of round sper-
matids. (B) PIWIL2 and PIWIL4 showed expression in the pi-body and piP-body, respectively, of prospermatogonia 
in testis of embryonic day (E)18.5 mice. (C) PIWIL3 showed expression in human growing oocytes (ZP3-positive) 
in the adult ovary. (D) Mouse adult testis sections immunostained with secondary antibodies only to ascertain back-
ground levels. Nuclei were counterstained with DAPI (white). Scale bars are 50µm.
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Supplementary Figure S2. Localization of PIWIL1 in W22 female gonads. (A) Single fluorescence channels relat-
ed to Figure 2E-H. (B) High magnification of a primordial follicle immunostained for PIWIL1, DDX4 and PDPN. 
Green arrow points to the single dense paranuclear granule; green asterisk marks nuclear foci of PIWIL1. Scale bars 
are 20µm in A (except the right panels) and 50µm in B and right panels in A. 
Book 1.indb   114 30/08/2018   17:39:51
115
Human-specific subcellular compartmentalization of PIWIL-granules during germ cell development 
and spermatogenesis|
4
Supplementary Figure S3. Localization of PIWIL4 in W22 female gonads. (A) Single fluorescence channels relat-
ed to Figure 3E-H. (B) High magnification of a primordial follicle immunostained for PIWIL4, DDX4 and PDPN. 
Green arrows point to PIWIL4+ intermitochondrial cement. Scale bars are 20µm in A (except the right panels) and 
50µm in B and right panels in A. 
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Supplementary Figure S4. Localization of PIWIL2 in W22 female gonads. (A) Single fluorescence channels relat-
ed to Figure 5E-H. (B) High magnification of a primordial follicle immunostained for PIWIL2, DDX4 and PDPN. 
Green asterisks mark the PIWIL2-depleted intermitochondrial cement. Scale bars are 20µm in A (except the right 
panels) and 50µm in B and right panels in A
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Supplementary Figure S5. PIWIL3 expression in the female and male germ cells. (A-H) Histologi-
cal sections immunostained for PIWIL3 (green), PDPN (cyan) and DDX4 (red) and counterstained with 
DAPI (white) of female gonad (W9.6) (A-C) and female gonad (W22) (D-H). (I) Histological section im-
munostained for PIWIL3 (green), DDX4 (cyan) and TUFM (red) and counterstained with DAPI (white) 
of female gonad (W22). (J-O) Histological sections immunostained for PIWIL3 (green), PDPN (cyan) and 
DDX4 (red) and counterstained with DAPI (white) of male gonad (W12) (J-L) and male gonad (W20) (M-
O). Scale bars are 500µm in D,D’; 100µm A,A’,J,J’,M,M’; 50µm in H,H’; and 20µm in B,C,E-I,E’-I’, K,L,N,O.
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Supplementary Table S1. Information about the human gonadal samples used in this study
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Supplementary Table S2. List of antibodies used in this study.
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Naïve mouse embryonic stem cells (mESCs) are in a metastable state and fluctuate 
between inner cell mass- and epiblast-like phenotypes. Here, we show transient ac-
tivation of the BMP-SMAD signalling pathway in mESCs containing a BMP-SMAD 
responsive reporter transgene. Activation of the BMP-SMAD reporter transgene in 
naïve mESCs correlated with lower levels of genomic DNA methylation, high ex-
pression of 5-methylcytosine hydroxylases Tet1/2 and low levels of DNA methyl-
transferases Dnmt3a/b. Moreover, naïve mESCs, in which the BMP-SMAD reporter 
transgene was activated, showed higher resistance to differentiation. Using double 
Smad1;Smad5 knockout mESCs, we showed that BMP-SMAD signalling is dispen-
sable for self-renewal in both naïve and ground state. These mutant mESCs were still 
pluripotent, but they exhibited higher levels of DNA methylation than their wildtype 
counterparts and had a higher propensity to differentiate. We showed that BMP-
SMAD signalling modulates lineage priming in mESCs, by transiently regulating the 
enzymatic machinery responsible for DNA methylation.




Culture conditions affect features of mouse embryonic stem cells (mESCs), such 
as their proliferation, gene expression, epigenetic status, self-renewal and capacity 
for multi-lineage differentiation (Marks et al., 2012; Tesar et al., 2007). In culture 
medium with fetal calf serum, naïve mESCs grown on mouse embryonic fibroblast 
feeder cells (MEFs) (here abbreviated as “serum”) transit between inner cell mass 
(ICM)-like and epiblast-like pluripotency states (Sasai et al., 2013; Trott and Martin-
ez Arias, 2013). However, when cultured in serum-free conditions with inhibitors of 
mitogen-activated protein kinase (MAPK) and glycogen synthase kinase 3 (GSK3) 
signalling, also called “2i” medium, mESCs become more homogeneous and adopt 
the more ICM-like or “ground” state (Marks et al., 2012; Nichols et al., 2009; Ying 
et al., 2003). The observation that naïve mESCs interconvert between pluripotent 
states while remaining uncommitted has raised the suggestion that such heterogene-
ity may allow the cells to respond differently to environmental cues. In agreement, 
subpopulations of naïve mESCs show different potentials to differentiate (Graf and 
Stadtfeld, 2008; Hanna et al., 2009; Hayashi et al., 2008). How the metastable tran-
scriptional and epigenetic diversity of cultured mESCs is regulated and maintained 
has remained elusive.
The two notable characteristics of mESCs are their capacity to self-renew and dif-
ferentiate into all embryonic lineages (Niwa et al., 1998). In mESCs, pluripotency is 
maintained by a core network of regulatory transcription factors, including Pou5f1, 
Sox2 and Nanog (Kashyap et al., 2009; Kim et al., 2008; Marson et al., 2008; Navar-
ro et al., 2012); the balance between self-renewal and differentiation is regulated by 
protein encoding genes that include Id1 and Dusp9, both downstream targets of the 
Bone
Morphogenetic Protein (BMP) signalling pathway (Li and Chen, 2013). Moreover, 
it has been shown that both the BMP and TGFβ (via NODAL) SMAD-mediated 
signalling pathways are involved in maintaining heterogeneity of NANOG in naïve 
mESCs (Galvin-Burgess et al., 2013). Conversely, NANOG may attenuate BMP sig-
nalling via a feedback loop that involves titration of phosphorylated (P)SMAD1 by 
direct NANOG-SMAD1 interaction (Suzuki et al., 2006). However, the functional 
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role of BMP-SMAD signalling in the metastable state of naïve pluripotency has not 
been investigated.
Here, we report the derivation and characterization of transgenic mESCs that al-
low a real-time read out of SMAD-mediated BMP signalling activity. This trans-
genic BRE:gfp reporter mESC line expresses a well-characterized BMP Responsive 
Element(BRE) containing several PSMAD1/5 DNA-binding sites isolated from the 
Id1 promoter to drive GFP expression (Korchynskyi and ten Dijke, 2002; Monteiro 
et al., 2008). Activation of the BMP-SMAD reporter transgene was heterogeneous 
in “serum” mESCs (± 50% GFP+ cells) and “2i” mESCs (± 4% GFP+ cells). By ge-
netic abrogation of the core BMP pathway components SMAD1 and SMAD5, we 
demonstrated here that BMP-SMAD signalling is dispensable for the maintenance 
and self-renewal of mESCs both in “serum” and “2i” states, but that it regulates the 
levels of DNA methylation (via Dnmt3a/b and Tet1/2) and hence lineage priming in 
pluripotent mESCs.
MATERIAL AND METHODS
mESCs Derivation and Culture
Derivation of BRE:gfp mESCs in 2i and serum and the conditional knockout mESCs 
for Smad1 and Smad5 (S1fl/flS5fl/fl) in 2i, as well as the Cre-recombination of S1fl/flS5fl/fl 
mESCs, are described in the Supplemental Experimental Procedures. Genotyping of 
the BRE:gfp mESCs was performed as described (Monteiro et al., 2008). E14 mESCs 
were cultured in either 2i or serum. Stimulation (1 hr) with BMP4 (R&D Systems) 
or Activin A (R&D Systems) was followed by FACS analysis or western blotting (see 
Supplemental Experimental Procedures). Details about generation of chimeric em-
bryos, the teratoma formation assay, RNAseq, and RRBS are provided in the Supple-
mental Experimental Procedures.
mESCs Differentiation and Proliferation
mESCs were differentiated to ME or NE as described (Thomson et al., 2011). Briefly, 
mESCs (10,000 cells/cm2) were grown in N2B27 medium without supplements for 
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48 hr, after which either 3 μM CHIR99021 or 500 nM all-trans retinoic acid (RA) 
(Sigma-Aldrich) was added to the N2B27 medium for an additional 48 hr. Cells were 
then collected for immunofluorescence or qPCR (see Supplemental Experimental 
Procedures). For the proliferation assay, the total number of serum and 2i mESCs was 
monitored during each passage for 26 days of culture. Serum mESCs were pre-plated 
prior to counting.
Statistics
Quantification of NANOG-Positive Cells: Whole BRE:gfp mESC colonies (total n = 
16) from three independent experiments (N = 3, 5–6 colonies per experiment) were 
manually counted three times and averaged. N refers to the number of independent 
experiments; n refers to total number or colonies counted. Statistical analysis was 
performed using the Student t-test (two-tailed, unequal variance), *p ≤ 0.05.
qPCR: In qPCR, each bar represents the average of technical triplicates. N refers to 
the number of independent experiments; n refers to total replicates. Statistical analy-
sis was performed using the Student t-test (two-tailed, unequal variance), *p ≤ 0.05; 
**p ≤ 0.01.
RNAseq Expression Data: To determine significantly DEGs between GFP++ and 
GFP− or S1−/−S5−/− and S1fl/flS5fl/fl mESCs, we applied a cut-off of 0.01 and/or 0.05 on 
the p values adjusted for multiple testing hypothesis. N refers to the number of inde-
pendent experiments; n refers to the number of genes.
RNAseq GO: Enrichment analysis for GO terms was done with the R package topGO 
based on DEGs (p < 0.05) and utilizing Fisher’s exact test.
RNAseq Motif Sequence Analysis: One-sided Fisher’s exact was used to determine 
significant over-representation of the analyzed motifs in promoter regions of DEGs 
relative to the genome-wide promoter regions. n refers to the number of genes.
SMAD1/5 ChIP-on-chip Data: To calculate the enrichment of SMAD1/5 targets iden-
tified p values were calculated by permuting genes. n refers to the number of genes.
RRBS Global Methylation Profile: To quantitatively assess global DNA methylation 
changes, we created histograms for tiles (methylation change >20%) and performed 
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a one-sided two-sample Kolmogorov-Smirnov test to determine significant distribu-
tion differences between populations.
Accession Numbers
The GEO accession number for both the transcriptomics and methylomics data re-
ported in this paper is GEO: GSE71556.
RESULTS
BMP-SMAD Signalling Is Activated during the Acquisition of Pluripotency
BMP signalling plays key roles in patterning of post-implantation mouse embry-
os (Kishigami and Mishina, 2005, Tam and Loebel, 2007). However, a role during 
pre-implantation development has been less evident because genetic ablation of sin-
gle members of the BMP-SMAD pathway showed no evidence of a phenotype during 
the pre-implantation period (Goumans and Mummery, 2000, Graham et al., 2014, 
Reyes de Mochel et al., 2015, Zhao, 2003). We investigated whether the BMP-SMAD 
signalling pathway was active in pre-implantation embryos by examining BRE:gfp 
blastocysts at E3.5. We were unable to detect GFP at this stage (data not shown). As 
the BMP-SMAD pathway has been shown to play dual roles in self-renewal and dif-
ferentiation of mESCs (Li and Chen, 2013), we monitored GFP during the derivation 
of mESCs from BRE:gfp blastocysts into the naive state (serum) and the ground state 
(2i). One day after plating (D1), GFP was still undetectable in blastocysts in either 
culture condition (Figure 1A ); however, by D4, GFP+ cells were evident within the 
ICM-like cells of BRE:gfp blastocyst outgrowths in both serum and 2i (Figure 1A). 
This suggested that the BMP-SMAD pathway was activated during the acquisition of 
pluripotency in vitro.
BMP-SMAD Signalling Activation in Serum and 2i mESCs
Once BRE:gfp mESCs lines had been established (Figure 1A,B) and karyotyped (Sup-
plementary Figure S1A), a striking difference was observed between the two condi-
tions: serum BRE:gfp mESCs exhibited an heterogeneous pattern of GFP expression 
with about 50% of the cells being GFP+, whereas in 2i BRE:gfp mESCs less than 4% 
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of cells were GFP+ (Figure 1B). In serum BRE:gfp mESCs, the GFP+ cells produced 
ID1 (Figure 1C), confirming that GFP expression corresponded to the activation of 
BMP-SMADs. The promoter of Id1 contains the PSMAD1/5 DNA-binding sites that 
were used to generate the BRE:gfp transgene (Figure S1B). Most 2i BRE:gfp mESCs 
showed no GFP and consequently no/low ID1 (Figure 1C). POU5F1 and NANOG 
were detected in both serum and 2i BRE:gfp mESCs. Quantification of NANOG sug-
gested that it was more homogeneously expressed in GFP− cells per colony (Figure 
Figure 1. BMP-SMAD signaling activation in “serum” and “2i” culture conditions. (A) Derivation of BRE:gfp 
mESCs in “serum” and “2i” conditions. D1, one day after blastocyst collection; D4, D1 plus three days after blasto-
cyst plating, P3 mESCs, passage 3 of the derived mESCs. Scale bars are 100 µm. (B) Established “serum” and “2i” 
BRE:gfp mESCs and their respective GFP expression profile by FACS analysis. Scale bars are 100µm. (C) Immuno-
fluorescence of “serum” and “2i” BRE:gfp mESCs for ID1, POU5F1 and NANOG. Scale bars are 20 µm. (D) Per-
centage (%) of NANOG positive cells in the GFP+ and GFP- cells per colony BRE:gfp mESCs (E) Western blotting 
for PSMAD1/5/8, SMAD1/5/8, GFP and Tubulin in “serum” and “2i” BRE:gfp and E14 mESCs as well as “2i” E14 
stimulated 1 hour with 25 ng/ml of BMP4. (F) Percentage (%) of GFP+ and GFP- cells in “2i” BRE:gfp mESCs after 
1 hour treatment with Activin A or BMP4. Bars represent mean±standard deviation (N=3). (G) Percentage (%) of 
GFP+ and GFP- cells in “2i” BRE:gfp mESCs switched to “serum” and “serum” BRE:gfp mESCs switched to “2i” and 
cultured for four consecutive passages (P1-P4). See also Supplementary Figure S1.
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1D) and this difference was statistically significant (n = 16; p < 0.05).
To measure BMP-SMAD signalling activation, we investigated the levels of PS-
MAD1/5/8, which were low in 2i medium in serum mESCs and high in 2i after 1 
hr of stimulation with 25 ng/ml BMP4; in agreement, faint GFP was observed in 2i 
compared with serum BRE:gfp mESCs (Figure 1E). In addition, we examined the 
number of GFP+ cells present in 2i and showed that this increased in response to 
BMP4 but not to Activin A (which activates the NODAL pathway) (Figure 1F), and 
that BRE:gfp mESCs could be interconverted to adopt the GFP pattern associated 
with each culture medium within four cell passages (Figure 1G).
In Serum, GFP+ BRE:gfp mESCs Correlated with Low Levels of Dnmt3b and Lower 
DNA Methylation
To further understand the role of BMP-SMAD signalling activation in pluripotency, 
fluorescence-activated cell sorting (FACS) sorted subpopulations of serum (GFP++, 
GFP+, GFP−) and 2i (GFP+, GFP−) BRE:gfp mESCs (Figures 2A and Supplementary 
Figure S2A) were analyzed by qPCR (Figures 2B and Supplementary Figure S2B). 
In serum, the sorted GFP++ mESCs (N = 3) exhibited lower levels of Dnmt3a/b, in 
particular Dnmt3b, and higher levels of Tet1/2, but similar high transcriptional levels 
of pluripotency genes (Figure 2B). A direct comparison between 2i and serum is pro-
vided in Supplementary Figure S2B. Comparing whole transcriptome RNA sequenc-
ing (RNAseq) data of three independent serum GFP++ and GFP− mESC samples, we 
confirmed that Dnmt3b as well as Tet1/2 were among the few statistically significant 
differentially regulated genes observed (n = 315; p < 0.05), mostly protein-coding 
genes (Figure 2C, Supplementary Figures S2C, and S2D; Supplementary Table S1). 
Next, using available single-cell RNAseq data (Sasagawa et al., 2013), we performed 
a hierarchical clustering of 38 individual cells from naive mESCs based on the ex-
pression of 30 selected genes. Interestingly, the cluster with the lowest transcriptional 
levels of Dnmt3b and high levels of Tet1 (Group 1) did not correlate with the cell 
clusters showing high transcriptional levels of Id1/Bmp4 (group 2/3) (Supplementary 
Figure S2E). This is in agreement with our qPCR (Figure 2B) and RNAseq results (Id1 
is not differentially expressed) (Figure 2C; Supplementary Table S1) and suggests a 
clear discrepancy between the cells expressing ID1 protein (and GFP protein) and 
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Id1 transcript. This discrepancy in the co-expression of proteins and transcripts is 
a well-known confounding but intrinsic property of cells, including mESCs (Tor-
res-Padilla and Chambers, 2014).
We performed reduced-representation bisulfite sequencing (RRBS) of GFP++ and 
GFP− BRE:gfp mESCs and observed that DNA methylation levels were in gener-
Figure 2. Transcriptome and methylome in subsets of “serum” BRE:gfp mESCs. (A) Gatings used to FACS sort 
three subpopulations (GFP-, GFP+, GFP++) of “serum” BRE:gfp mESCs and the profile of the individual cell groups. 
(B) Relative expression of several genes in the three subpopulations (GFP-, GFP+, GFP++) of “serum” BRE:gfp 
mESCs compared to the GFP- cells. Each bar represents mean±standard deviation of technical triplicates and the 
three bars of the same color represent independent experiments (n=9, N=3). (C) Volcano plot showing –log10 P 
values versus log2 fold transcriptional changes between GFP++ and GFP- fractions of “serum” BRE:gfp mESCs. Dif-
ferentially expressed genes (DEGs) with P < 0.05 are blue, and genes with P >0.05 are red; some highlighted DEGs are 
black. (D) Scatterplot depicting a comparison of percentage of DNA methylation in each 600bp tile (dot) between 
GFP++ and GFP- fractions of “serum” BRE:gfp mESCs. Each tile was classified into a biotype category according to 
the nearest TSS. The red line represents no difference; the inner and outer blue lines represent respectively borders 
for 10% and 20% change in methylation levels. (E) Distribution of DNA methylation at specific genomic regions in 
GFP++ (in blue) and GFP- fractions of “serum” BRE:gfp (in red) mESCs. P values were calculated with two-sample 
Kolmogorov-Smirnov test. Abbreviations: HCP, high CpG-content promoters; LCP, low CpG-content promoters; 
Enh, enhancers; NA, no annotation. (F) Number of (600bp tile) counts showing loss of methylation (LOM) or gain 
of methylation (GOM) in GFP++ compared to GFP- “serum” BRE:gfp mESC. See also Supplementary Figure S2; and 
Supplementary Table S1 and S2.
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al lower in mESCs with activation of the BMP-SMAD reporter transgene than in 
mESCs without reporter activity, as illustrated by the significant shifts toward lower 
DNA methylation at all genomic regions in GFP++ cells (Figures 2D–F; Table S2). 
This is in agreement with the reduced levels of Dnmt3b expression in GFP++ cells
BMP-SMAD Signalling Is Dispensable for Self-Renewal of mESCs
To clarify the role of BMP-SMAD signalling in the maintenance of the naive and 
ground state, we derived Smad1 and Smad5 double-knockout (S1−/−S5−/−) mESC lines 
in 2i from double homozygous floxed Smad1;Smad5 mESC lines (S1fl/flS5fl/fl) (Trem-
blay et al., 2001, Umans et al., 2003) that were hemizygous for the R26R Cre-reporter 
transgene (Soriano, 1999) using Cre recombinase (Supplementary Figures S3A,B). 
We derived the S1−/−S5−/− mESC in 2i since BMP-SMAD signalling activation was less 
prominent in 2i and therefore the chance of deriving pluripotent S1−/−S5−/− mESCs 
was higher. The pluripotency of the S1−/−S5−/− mESCs was confirmed by showing its 
contribution to the three germ layers in S1−/−S5−/− <> wild-type chimeric embryos 
(Supplementary Figure S3C), as well as in teratoma formation assays (Supplementary 
Figure S3D) in independent lines with a normal karyotype (Supplementary Figure 
S4A). Moreover, we showed that Smad8 was not upregulated in response to the de-
letion of Smad1 and Smad5, and that Id1 and Id2 were upregulated after stimula-
tion with BMP4 only in the S1fl/flS5fl/fl parental line, as expected (Figure S4B). The 
2i S1−/−S5−/− mESCs self-renewed at the same rate as the parental S1fl/flS5fl/fl mESCs 
(Figure 3A ) and showed comparable alkaline phosphatase activity (Figure 3B). Un-
expectedly, when S1−/−S5−/− mESCs were switched from 2i to serum, after an initial 
period of adaptation the cells continued to self-renew at similar rates as the parental 
S1flfl5flfl mESCs (Figure S4C) instead of differentiating. In general, the expression level 
of pluripotency genes remained high in the parental S1fl/flS5fl/fl and S1−/−S5−/− mESCs 
in 2i (Figure 3C) and serum (Supplementary Figure S4D). Our results demonstrated 
that BMP-SMAD signalling is dispensable for self-renewal of mESCs.
S1−/−S5−/− mESCs Have High Levels of Dnmt3b and High Levels of DNA Methylation
Next, we investigated the SMAD1/5-responsive genes using RNAseq (Figure 3D) and 
found that most differentially expressed genes (DEGs) between S1−/−S5−/− and 
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Figure 3. Transcriptome and methylome in S1-/-S5-/- versus S1fl/flS5fl/fl mESCs. (A) Growth of S1fl/flS5fl/fl mESCs and 
three independent S1-/-S5-/- mESCs lines in “2i” during 26 days. Mean±standard deviation are depicted. (B) Alkaline 
phosphatase activity in “2i” S1fl/flS5fl/fl and S1-/-S5-/- mESC. Scale bars are 100 µm. (C) Expression of Sox2, Zfp42, 
Nanog and Pou5f1 in transcripts per million (TPM) in “2i” S1fl/flS5fl/fl (FL) and S1-/-S5-/- (KO) mESC. (D) Volcano 
plot showing –log10 P values versus log2 fold transcriptional changes between S1fl/flS5fl/fl and S1-/-S5-/- mESCs in 
“2i”. Differentially expressed genes (DEGs) with P < 0.05 are blue, and genes with P >0.05 are red; some highlighted 
DEGs are black. (E) Percentage of DEGs (P<0.01) (n=781 upregulated in “2i” S1-/-S5-/-; n=854 downregulated in “2i” 
S1-/-S5-/-) showing putative SMAD1/5 binding-sites (GGCGCC/GCCG) in the promoter region. (F) Top ten gene 
ontology (GO) terms associated with biological processes (P<0.05) in DEGs in “2i” S1-/-S5-/- mESC. (G) Distribution 
of DNA methylation levels at specific genomic regions in “2i” S1fl/flS5fl/fl (in red) and S1-/-S5-/- mESC (in blue). P val-
ues were calculated with two-sample Kolmogorov-Smirnov test. Abbreviations: HCP, high CpG-content promoters; 
LCP, low CpG-content promoters; Enh, enhancers; NA, no annotation. (H) Number of (600bp tile) counts showing 
loss of methylation (LOM) or gain of methylation (GOM) in “2i” S1fl/flS5fl/fl compared to S1-/-S5-/- mESCs. (I) Scatter-
plot depicting a comparison of percentage of DNA methylation in each 600bp tile (dot) between “2i” S1fl/flS5fl/fl and 
S1-/-S5-/- mESCs. Each tile was classified into a biotype category according to the nearest TSS. The red line represents 
no difference, the inner and outer blue lines represent respectively borders for 10% and 20% change in methylation 
levels. See also Supplementary Figure S3 and S4; and Supplementary Table S1, S2 and S3.
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S1fl/fl5fl/fl mESCs were protein-coding genes (Supplementary Figure S4E). Interest-
ingly, about half of the DEGs (including protein-coding, pseudogenes, and long 
non-coding RNAs) were upregulated (n = 781; p < 0.01) and half of the genes were 
downregulated (n = 854; p < 0.01) in S1−/−S5−/− mESCs (Figure 3E; Supplementary 
Table S1).
To investigate whether the observed expression changes were consistent with direct 
transcriptional regulation, we integrated our RNAseq dataset with a list of direct 
SMAD1/5 targets (n = 562) identified by ChIP (Fei et al., 2010). Using gene set en-
richment analysis, we found a significant enrichment of SMAD1/5 targets in genes 
that were downregulated in S1−/−S5−/− mESCs (p < 1 × 10−4) (Supplementary Figure 
S4F).
Moreover, the great majority of the DEGs contained the sequence motifs GCCG and/
or GGCGCC, well-characterized SMAD1/5 binding sites (Korchynskyi and ten Di-
jke, 2002), in their promoters, defined as ±2 kb from the transcriptional start site 
(TSS) (Figure 3E; Supplementary Table S3). By contrast, genome-wide occurrence 
of GGCGCC and GCCG motifs at such promoters (including protein-coding, pseu-
dogenes, and long non-coding RNAs) was not, or much less, enriched (Supplemen-
tary Figure S4G), and significantly different from the enrichment observed at DEGs 
(p < 2.2 × 10−16). As an example, Dnmt3b was significantly upregulated in S1−/−
S5−/− mESCs and contained 21x GCCG and 5x GGCGCC in the promoter region, 
suggesting direct (co)regulation by DNA-binding BMP-SMADs. The DEGs were 
significantly enriched for gene ontology (GO) categories such as “regulation of de-
velopmental process,” “regulation of cell development,” and “regulation of cell differ-
entiation” (Figure 3F), compatible with BMP-SMAD signalling not being involved in 
self-renewal of mESC, but rather predisposing mESCs to differentiate. The downreg-
ulation of Dnmt3b and enrichment in developmental genes in S1−/−S5−/− mESCs, led 
us to investigate the levels of DNA methylation by RRBS on several independent S1fl/
fllS5fl/fl and S1−/−S5−/− mESC lines (Table S2). S1−/−S5−/− mESCs displayed a significant 
shift toward higher levels of DNA methylation at all genomic regions analyzed when 
compared with S1fl/flS5fl/fl mESCs (Figures 3G–I), suggesting that the enrichment in 
developmental genes is caused by the higher levels of DNA methylation.
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mESCs Differentiated More Efficiently to Mesendoderm or Neurectoderm in the 
Absence of BMP-SMAD Signalling 
Finally, we examined the differentiation capacity of S1−/−S5−/− mESCs in both serum 
and 2i and found that they formed endoderm (Sox17), mesoderm (T), and ecto-
derm (Pax6 and Sox1) more efficiently than the parental line (Figures 4A–C ) in 
the monolayer using differentiation protocols for either the mesendoderm (ME) or 
Figure 4. BMP-SMAD signaling during mESC differentiation to mesendoderm and neurectoderm. (A) Sche-
matic representation of the protocol to differentiate mESCs to mesendoderm (3 µM CHIR) or neurectoderm (500 
nM retinoic acid). (B) Relative expression of early lineage markers in differentiated “serum” and “2i” S1-/-S5-/- and S1fl/
flS5fl/fl mESCs. (C) Immunofluorescence of differentiated “serum” S1fl/flS5fl/fl  and S1-/-S5-/- mESCs for NANOG, SOX17, 
T and SOX1. Scale bars are 100 µm. (D) Relative expression of early lineage markers in differentiated subpopulations 
(GFP-, GFP+, GFP++) of “serum” BRE:gfp mESCs compared to GFP- cells. (E) Relative expression of pluripotency 
genes in differentiated subpopulations (GFP-, GFP+, GFP++) of “serum” BRE:gfp mESCs compared to GFP- cells. 
Each bar represents mean±standard deviation of technical triplicates and bars of the same color represent inde-
pendent experiments (n=9, N=3) in B and independent experiments (n=6, N=2) in D and E. Statistical analysis was 
performed on technical triplicates of independent experiments (n=9, N=3), * P≤0.05, **P≤0.01.
Book 1.indb   134 30/08/2018   17:39:58
135
BMP-SMAD signaling regulates lineage priming, but is dispensable for self-renewal in mouse 
embryonic stem cells|
5
neuroectoderm (NE) lineages (Thomson et al., 2011). In addition, we investigated the 
capacity of the FACS-sorted subpopulations of serum BRE:gfp mESCs to differentiate 
to ME and NE and showed that GFP++ mESCs had lower levels of ME and NE early 
differentiation markers than GFP− mESCs (Figure 4D), demonstrating that GFP++ 
mESCs were less prone to differentiate. In agreement, GFP++ mESCs retained higher 
levels of pluripotency markers, at least after 4 days of differentiation to ME (Figure 
4E). Our data showed that transient BMP-SMAD signalling activation tilted mESCs 
to a less differentiation-prone state, whereas in the absence of BMP-SMAD signalling 
the balance was shifted toward an increased predisposition to differentiate.
DISCUSSION
A recent study reported the absence of Bmp4 and Id1 in (embryonic day) E3.5 ICMs 
and a high transient upregulation in E4.5 epiblasts, followed by downregulation of 
Bmp4 and Id3 expression during the next 6 days of the derivation of mESCs and 
their further maintenance in 2i (Boroviak et al., 2014). We now show this in re-
al-time using BRE:gfp blastocysts to derive mESCs. Moreover, we demonstrated that 
BMP-SMAD signalling is not functionally implicated in self-renewal, in agreement 
with studies that have mapped genome-wide the genes that are directly regulated by 
SMAD1/5 (Chen et al., 2008, Fei et al., 2010). They showed that the genes regulated 
by SMAD1/5 were involved in fate determination, rather than self-renewal. Here, we 
provide functional evidence that SMAD1/5 are not necessary for mESC self-renewal 
in either naive (serum) or ground (2i) state.
Specific levels of DNA methylation and associated enzymes have been associated 
with the different pluripotency states (ground, naive, primed) (Habibi et al., 2013, 
Hackett et al., 2013, Smallwood et al., 2014), as well as with different levels of GFP 
in Nanog:gfp naive mESCs (Ficz et al., 2013). This reflects faithfully the rapid loss of 
genomic DNA methylation that the embryo undergoes in vivo during pre-implanta-
tion development, and the gain of DNA methylation during the transition between 
ICM and epiblast (Smith et al., 2012). Therefore, it is perhaps not surprising that 
the machinery to regulate rapid switches in genomic DNA methylation is present in 
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pluripotent stem cells derived from ICM and epiblast. A role for BMP-SMAD sig-
nalling in LIF-dependent conversion between EpiSCs and ESCs has been reported 
(Onishi et al., 2014), but the association with changes in DNA methylation between 
EpiSCs and ESCs remains to be investigated.
Finally, it has been suggested that the epigenetic variation observed in pluripotent 
cells is stochastic and results in a diversity of predispositions to acquire specific cell 
fates when the cells are triggered to differentiate (Lee et al., 2014). Our data pro-
vide evidence that the cellular diversity of both serum and 2i mESCs regarding DNA 
methylation and associated enzymes is not a stochastic process as previously thought, 
but is in fact regulated by cell-cell signalling interactions involving the BMP-SMAD 
signalling pathway.
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SUPPLEMENTARY MATERIAL AND METHODS
Blastocyst collection
All animal procedures here described were approved by the local animal ethical 
committee. Blastocysts from CBA/Bl6 females crossed with BRE:gfp heterozygous 
CBA/Bl6 males were isolated on embryonic day (E)3.5 using M2 with HEPES (Sig-
ma-Aldrich) containing 75 μg/ml of bovine serum albumin (BSA, Life Technologies). 
E0.5 was considered the noon of the day of the plug. The blastocysts were cultured for 
24 hours in a drop (30 μl) of EmbryoMax KSOM+AA with phenol red (Chemicon) 
under mineral oil (Sigma-Aldrich) at 37ºC in humidified air. Next day, the blasto-
cysts were washed in Dulbecco’s phosphate buffered saline (DPBS, Life Technologies) 
without calcium and magnesium, treated with acid Tyrode’s solution for 3 minutes 
at room temperature (RT) to remove the zona pellucida and placed individually in 
separate organ culture dishes (Fisher Scientific) for mESC derivation.
Derivation of BRE:gfp mESCs, S1fl/flS5fl/fl mESCs and Cre-recombination to obtain 
S1−/−S5−/− mESCs
Conditional knockout mESCs for Smad1 and Smad5 (S1fl/flS5fl/fl) mESCs were derived 
by crossing homozygous mice carrying both the Smad1 conditional allele (Smad-
1RobPC) (Tremblay et al., 2001) and the Smad5 conditional allele (Smad5tm1Huy2) 
(Umans et al., 2003) and were hemizygous for the R26R Cre-reporter transgene (So-
riano, 1999). During derivation of BRE:gfp mESCs and S1fl/flS5fl/fl mESCs, blastocysts 
were cultured for 3 days in either “2i” medium [N2B27 medium (1:1 mixture of Dul-
becco’s Modified Eagle Medium DMEM/F12 1:1 nutrient mix (Life Technologies) 
and Neurobasal (LifeTechnologies), with 1x non-essential aminoacids (NEAA) (Life 
Technologies), 50 μg/ml BSA, 0.1 mM 2-mercaptoethanol (Life Technologies), 50 U/
ml penicillin and 50 μg/ml streptomycin (Life Technologies), 1x N2 (Life Technol-
ogies) and 1x B27 (Life Technologies)) and 2000 U/ml mouse leukemia inhibitory 
factor (LIF) (Millipore), 1 μM PD0325901 (Axon) and 3 μM CHIR99021 (Axon)] 
on 0.1% gelatin-coated organ dishes; or in “serum” medium [DMEM+glutamax (Life 
Technologies) with 15% fetal calf serum (FCS) (Life Technologies), 1x NEAA, 0.1 
mM 2-mercaptoethanol, 50 U/ml penicillin and 50 μg/ml streptomycin and 1000 
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U/ml LIF] in organ dishes coated with FCS. Thereafter, individual ICM outgrowths 
were isolated mechanically, washed 3x in DPBS, placed in a drop of 0.25% trypsin/
EDTA (Life Technologies) for 5 minutes at RT and disrupted mechanically by pi-
petting. The cell clumps were placed directly in either “2i” on gelatin or “serum” on 
MEFs and cultured for an additional 3-5 days. Emerging mESCs colonies (passage 1, 
P1) were passed using 0.05% trypsin/EDTA.
The excision of the Smad1 and Smad5 floxed alleles was achieved by homologous 
recombination using a Cre recombinase-expression vector (pEFBOS-CreIRESpuro) 
as described (Davis, 2008). Briefly, 8x106 cells were suspended in 750 μl phosphate 
buffered saline (PBS) and 10 μg of the vector added directly to the cell suspension. 
Electroporation was performed as described (Barnett and Köntgen, 2001). The elec-
troporated cells were plated in “2i” medium. Selection with 2 μg/ml puromycin was 
started 48 hours after plating and maintained for 48 hours. From the resulting col-
onies, 96 clones were manually isolated, grown in “2i” conditions and genotyped as 
described (Tremblay et al., 2001; Umans et al., 2003).
Karyotyping of the mESC lines and DNA-FISH for GFP in BRE:gfp mESCs was per-
formed as described (Szuhai and Tanke, 2006).
Generation and analysis of chimeric embryos
Blastocysts where obtained by superovulation of CD1(HsD) females. Mouse chimer-
ic embryos were produced by injection of “2i” S1-/-S5-/- mESCs into the blastocoel 
cavity of blastocysts. Per line, around 20 to 30 injected blastocysts were obtained. 
Those were transferred into uteri of E3.5 pseudo-pregnant females and 4 days later 
the embryos were recovered, fixed 2 hours at RT in 25% gluteraldehyde/2% formal-
dehyde in PBS, washed in PBS and incubated overnight (o/n) at 30°C in an humidi-
fied chamber in freshly made staining solution (1 mg/ml of X-gal, 2 mM of MgCl2, 
5 mM of K3Fe(CN)6 and 5 mM of K4Fe(CN)6x3H20 in PBS) previously heated to 
50°C to avoid precipitation. Thereafter, the embryos were postfixed o/n with 4% par-
aformaldehyde (PFA) at 4°C, individually embedded in 2% low melting point agarose 
(Life Technologies), followed by inclusion in paraffin, sectioned (7 μm) and eosin 
stained following standard procedures.
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For teratoma formation assays, “2i” S1-/-S5-/- mESC were trypsinized and 1x106 cells 
(per injection) were resuspended in 300 μl ice cold 1:1 culture medium and Matrigel 
growth factors reduced (Corning) and drawn into 1 ml syringe immediately before 
the injection. NOD.CB17-Prkdcscid/NcrCr mice were injected in the right dorso-lat-
eral area. Per mESCs line, 3 mice were injected. Animals were monitored for weight 
and health, and sacrificed once the tumor reached 1 cm3. Teratomas were surgically 
removed, fixed o/n in 4% PFA, paraffin embedded, sectioned (5 μm) and stained for 
hematoxiline and eosin by standard procedures.
Immunofluorescence and alkaline phosphatase activity
Cells were fixed with 4% PFA for 15 minutes at RT, permeabilized with 0.1% Triton-X 
(Sigma-Aldrich) in PBS for 8 minutes at RT, blocked with 100 μg/ml BSA in 0.05% 
Tween 20 (Millipore) in PBS (blocking solution) for 1 hour at RT and incubated 
o/n at 4ºC with the primary antibodies. Primary antibodies used were rabbit αNA-
NOG (1:200, ab80892, Abcam), goat αPOU5F1 (1;100, sc8628, Santa Cruz), rabbit 
αID1 (1:100, sc488, SantaCruz), goat αBrachyury T (1:100, sc17743, SantaCruz), 
goat αSOX17 (1:100, AF1924, R&D Systems) and goat αSOX1 (1:100, AF3369, R&D 
Systems). Next day, cells were incubated with the secondary antibodies diluted in 
blocking solution for 1 hour at RT. Secondary antibodies were Alexa Fluor 488 don-
key αgoat (1:500, A-11055, Life Technologies), Alexa Fluor 594 donkey αgoat (1:500, 
A-11058, Life Technologies), Alexa Fluor 594 donkey αmouse (1:500, A-21203, Life 
Technologies) and Alexa Fluor 555 donkey αrabbit (1:500, A-31572, Life
Technologies). Thereafter, cells were treated with DAPI (Life Technologies) 1:1000 
in PBS, washed and mounted using ProLong Gold (Life Technologies). The assay for 
phosphatase activity was performed as described (Lawson et al., 1999).
Imaging and quantification
Bright field images were made with a Nikon eclipse Ti-S inverted microscope cou-
pled to a Nikon Digital Sight DS-2 MBW (Nikon) operating under the NIS-elements 
BR version 3.0 software (Nikon). Confocal images were made on a Leica TCS SP8 
confocal microscope (Leica, Mannheim) operating under the Leica Application Suite 
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Advanced Fluorescence software (Leica, Mannheim).
Quantification of NANOG heterogeneity in “serum” BRE:gfp mESC was determined 
in the maximum intensity projection of z-stack imaging covering the entire volume 
of each colony using the SP8 confocal. NANOG-positive cells in each colony (total of 
n=16 colonies from N=3 independent experiments) were manually counted 3 times 
and averaged. Statistical analysis was performed using a Student’s t-test (two-tailed, 
unequal variance), *P≤0.05. Quantitative reverse-transcription polymerase chain re-
action (qPCR) RNA isolation was performed using RNeasy Micro Kit (Qiagen) for 
a maximum of 45 μg of RNA or RNeasy MiniKit (Qiagen) for a maximum of 100 
μg RNA, following the manufacturer’s instructions. The cDNA was obtained using 
iScript™ cDNA Synthesis Kit (BioRad) following manufacturer’s instructions. qPCR 
was performed using iQ SYBR Green Supermix (Biorad) on the CFX96TM Realtime 
system, C1000TM Thermal Cycler (Biorad). All the samples were analysed in techni-
cal triplicates. The primers used are listed in Supplementary Table S4. The qPCR con-
ditions were 1x (95°C, 3 minutes), 40x (95°C, 15 seconds; 60°C, 30 seconds; 72°C, 45 
seconds) and 1x (95°C, 10 seconds; 65°C, 5 seconds; 95°C, 50 seconds). Expression 
was normalized to the housekeeping genes Gapdh and Actb using the ΔΔCt method. 
Statistical analysis was performed using a Student’s t-test (two-tailed, unequal vari-
ance), *P≤0.05, **P≤0.01.
FACS sorting and analysis
Pre-plated “FCS” BRE;gfp mESCs were resuspended in FACS buffer (100 μg/ml BSA 
in DPBS), incubated with mouse αSSEA1 IgM (1:50, sc21702, Santa Cruz) diluted 
in FACS buffer 20 minutes on ice, washed with FACS buffer and incubated with sec-
ondary antibody Alexa Fluor 647 goat αmouse IgM (1:500, A-21238, Life Technolo-
gies) diluted in FACS buffer 20 minutes on ice and resuspended in FACS buffer for 
FACS analysis on a LSR II Flow Cytometer (BD BioSciences) or FACS sorting on a 
FACSAria III Flow Cytometer (BD BioSciences). Results were processed using FACS-
Diva version 6.0 software (BD BioSciences). 
Western blotting 
“2i” mESCs were washed twice with ice cold DPBS and scraped in lysis buffer [(50 
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mM Tris/HCl pH7.5, 170 mM NaCl, 0.5% NP40 (ICN Biomedicals), 400 mM sodi-
um orthovanadate (Sigma-Aldrich), 45 mM sodium pyrophosphate, 1 mM sodium 
floride (Sigma-Aldrich), 10 mM EDTA and 1:100 protease inhibitor cocktail (Sig-
ma-Aldrich)]; “FCS” mESCs were first pre-plated 45 minutes at RT and lysed in lysis 
buffer for 30 minutes on ice, with pipetting every 10 minutes. After centrifugation at 
4ºC for 10 minutes at 24.000 G, the supernatant was collected. Protein concentration 
was measured using Pierce BCA Protein Assay Kit (Thermo Scientific) according to 
manufacturer’s instructions. Samples were run on 10% or 8% acrylamide gels, de-
tection was done using Western Lighting Ultra (Perkin Elmer), according to man-
ufacturer’s specifications and imaging was made using a Fuji LAS 3000 mini (R&D 
Systems). Primary antibodies were rabbit αPSMAD5 (1:1000, ab76296, Abcam, anti-
body cross-reacts with PSMAD1/8, personal communication EM), mouse αSMAD1 
(1:500, LS-C184471, Lifespan Biosciences, antibody cross-reacts with SMAD5, per-
sonal communication EM), mouse αGFP (1:500, sc9996, Santa Cruz), rat αTubulin 
(1:1000, MAB1864, Millipore) and secondary antibodies were donkey αmouse HRP 
(1:25000, 715-035-150, Jackson Immuno Research), donkey αrabbit HRP (1:25000, 
711-035-152, Jackson Immuno Research) and donkey αrat HRP (1:25000, 712-035-
150, Jackson Immuno Research).
RNA-sequencing (RNAseq) and reduced representation bisulfite sequencing 
(RRBS)
For RNA-seq and RRBS, “serum” BRE:gfp mESC were preplated, immunostained for 
SSEA1 as described above and GFP- and GFP++ subpopulations from 3x different 
passages were FACS sorted; and two independent S1fl/flS5fl/fl mESC lines and four in-
dependent S1-/-S5-/- mESC clones grown in “2i” were collected.
RNA was isolated using RNeasy MiniKit (Qiagen), RNA integrity number (RIN) was 
measured using a 2100 Bioanalyzer (Agilent Technologies). The sequencing libraries 
were generated using TruSeq Stranded Total RNA kit (Illumina) and sequenced on 
an Illumina Hiseq 2000 sequencer.
DNA was isolated using Wizard Genomic DNA purification kit (Promega) and 1 μg 
gDNA was used for digestion by MSP1 enzyme. Following o/n incubation at 37°C, 
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digestion reaction were terminated by adding 0.5 M EDTA and the DNA was further 
purified on a GeneJET PCR purification column.
Libraries were prepared using NEBNext Ultra DNA library preparation kit (Illumi-
na) and methylated adapters added. Subsequently, adapter ligated fragments were 
bisulfite converted using EZ DNA Methylation Gold kit (Zymo Research). After 14 
PCR cycles, the product was purified using AMPure XP beads. Quality of libraries 
was checked on a High sensitivity DNA chip (Agilent) and sequencing was done on 
an Illumina HiSeq2500 PE 2x50bp. 
RNAseq and RRBS data analysis 
RNAseq expression data: To map the sequenced reads, a STAR (version 2.4.1d) index 
was created based on the mouse mm10 transcriptome (Ensemble build GRCm38) 
and paired-end reads were directly aligned to this index. A count table for annotated 
genes was produced using featureCounts version 1.4.6 and genes were further classi-
fied in different biotypes based on Vega gene and transcript annotation (http://vega.
sanger.ac.uk/info/about/gene_and_transcript_types.html). The raw counts were im-
ported in the R package DESeq2 for differential expression. To determine significant-
ly DEGs between GFP++ and GFP- or S1-/-S5-/- and S1fl/flS5fl/fl mESCs we made use of 
a design matrix to block respectively for time and strain specific effects and applied a 
cut-off of 0.01 and/or 0.05 on the pvalues (P) adjusted for multiple testing hypothesis. 
For intuitive visualization and comparison of gene expression levels, we calculated 
Transcript Per Million (TPM) values. 
RNAseq hierarchical clustering: Unsupervised hierarchical clustering of all samples 
was performed on the DESeq2 based variance normalized counts using Euclidean 
distance and complete linkage.
RNAseq gene ontology: Enrichment analysis for gene ontology (GO) terms was made 
with the R package topGO based on DEGs (P < 0.05) and utilizing Fisher’s exact test.
RNAseq motif sequence analysis: To perform simple motif analysis, we defined pro-
moter regions as ± 2Kb from the transcription start site (TSS) and counted the occur-
rences for putative binding sites of SMAD1/5 (GCCG and GGCGCC) for all (up and 
down) DEGs (P<0.01) between S1-/-S5-/- and S1fl/flS5fl/fl mESCs; and, as comparison, 
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the promoter region of all genes belonging to gene biotypes: protein-coding, pseu-
dogenes and long non-coding RNAs. One-sided Fisher’s Exact was used to determine 
significant overrepresentation of these motifs in promoter regions of DEGs relative to 
the genome wide promoter regions.
RRBS Genome specific region assignment: Sequencing reads were mapped to mouse 
genome mm10 using bismark version 0.14.1 and analysed further with the R package 
methylKit. In brief, we considered only CpGs located in regions with a depth of cov-
erage of at least five reads and filtered out the top 0.01% CpGs. To normalize for read 
coverage between samples we used a median-based scaling factor. Only CpGs covered 
in all compared samples were retained for further analysis. The genome was binned 
in 600bp tiles as these were considered optimal for robust detection of Differential-
ly Methylated Regions (DMRs) based on a pairwise comparison analysis of a range 
of tiles (100bp to 1000bp with 100bp increments). To visualize global methylation 
changes we pooled sample replicates. The methylation level of each sampled tile was 
estimated as the number of reads reporting a C, divided by the total number of reads 
reporting a C or T within that tile. Furthermore, tiles were annotated to the closest 
gene based on the distance to its TSS. To assign tiles to genes we used the Ensemble 
GRCm38 transcriptome. To assign tiles to enhancers we used mESC mm9 enhanc-
ers regions available for download at http://chromosome.sdsc.edu/mouse/download.
html and converted these to mm10 coordinates using CrossMap version 0.1.8. Tiles 
were assigned to promoters if they overlap within the ± 2Kb region around a TSS. 
We used a CpG observed/expected ratio of 0.325 to distinguish low- and high-CpG 
density promoters as described (Etchegaray et al., 2015). Regions that do not belong 
to any of the aforementioned regions (e.g. intergenic space) are described as “no an-
notation” for simplification.
RRBS global methylation profile: To quantitatively assess global DNA methylation 
changes, we created histograms for tiles (methylation change > 20%) and performed 
a one-sided two-sample Kolmogorov-Smirnov test to determine significant distribu-
tion differences between populations.
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Analysis of published single cell RNAseq data and SMAD1/5 ChIP data
Single cell RNAseq: Expression levels of DNA methyltransferases, 5-methylcytosine 
hydroxylases, BMP responsive genes, BMP signalling pathway genes, pluripotency 
genes and early differentiation genes were extracted from the transcriptomes of 38x 
“serum” mESCs single cells deposited in Gene Expression Omnibus under accession 
number GSE42268 (Sasagawa et al., 2013). Data was analysed and visualized using R 
statistics version 3.0.1.
SMAD1/5 ChIP-on-chip data: To calculate the enrichment of SMAD1/5 targets 
identified by ChIP-onchip (Fei et al., 2010), we used gene set enrichment analysis 
as described (Subramanian et al., 2005). Hits were not weighted and p-values were 
calculated by permuting genes.
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Supplementary Figure S1. The BRE:gfp construct, related to Figure 1. (A) Representative karyogram of a XY 
BRE:gfp mESC line. The arrow identifies the subtelomeric region of the Chromosome 15, where the BRE:gfp con-
struct was mapped by DNA-FISH. (B) Schematic representation of the BRE:gfp construct. Multiple binding elements 
(red and light blue boxes) are arranged in tandem, both in forward and reverse orientations and placed downstream 
of the cytomegalovirus (CMV) enhancer (CMVe) and upstream of a minimal promoter (MLPA) in order to drive 
the expression of eGFP. 
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Supplementary Figure S2. Characterization and comparison of “serum” and “2i” mESCs, related to Figure 2.
(A) Gatings used to FACS sort two subpopulations (GFP- and GFP+) of “2i” BRE:gfp mESCs and the profile of the 
individual cell groups. (B) Relative expression of several genes in the subpopulations (GFP-, GFP+, GFP++) “serum” 
and (GFP- and GFP+) “2i” BRE:gfp mESCs compared to the GFP- “serum” cells. Each bar represents mean±standard 
deviation of technical triplicates. (C) Hierarchical clustering of independent “2i” S1fl/flS5fl/fl mESCs (FL), “2i” S1-/-S5-/- 
mESCs (KO), “serum” GFP++ (pos) and GFP- (neg) fraction of BRE:gfp mESCs. (D) Barplot depicting the number 
of the significantly differentially expressed genes (DEGs) between “serum” GFP- and GFP++ fraction of BRE:gfp 
mESCs per biotype. In orange DEGs with P <0.05. (E) Heatmap of the log2 fragments per kilobase of transcript per 
million reads (FPKM) values of 30 genes of interest in 38 individual naïve mESCs.
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Supplementary Figure S3. Derivation and pluripotency state of “2i” S1-/-S5-/- mESCs, related to Figure 3. (A, B) 
Scheme representing the location of the primers and the size of the respective genotyping PCR bands before and 
after excision of the exon 2 of Smad1 and respective representative PCR gel (A) and of the exon 2 of Smad5 and 
representative PCR gel (B). Lane numbers: 1, S1fl/flS5fl/fl mESCs; 2, 3 and 4, S1-/-S5-/- mESCs; L, DNA ladder 100 Kbp+. 
(C) β-Galactosidase staining of chimeric embryos isolated at E8.5 generated using 3 different S1-/-S5-/-  mESC lines 
(1.2A28, 1.7A28 and 1.7A1). Whole mount embryos are shown in the left side, and selected paraffin sections show 
contribution of S1-/-S5-/-  mESCs to ectoderm, endoderm and mesoderm (black arrows). A, anterior; P, posterior. 
Scale bars are 50 µm. (D) Hematoxylin and eosin-stained paraffin sections of teratomas formed after subcutaneous 
injection of S1-/-S5-/-  mESCs (1.2A6 and 1.7A1). The teratomas obtained contained tissues from three embryonic 
germ layers: mesoderm (osteoid tissue, cartilage); ectoderm (keratinized epithelium, neural rosettes); endoderm 
(ciliated epithelium, mucosa epithelium). Scale bars are 50 µm.
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Supplementary Figure S4. Characterization of S1-/-S5-/- mESCs, related to Figure 3. 
(A) Representative karyogram for independent S1-/-S5-/- mESC lines showing a normal karyotype (40, XX). 
(B) Relative expression of several Smad and Id genes in “2i” S1-/-S5-/- mESCs compared to S1fl/flS5fl/fl mESCs, before 
and after 1 hour stimulation with 25 ng/ml of BMP4 (+B4) Bars represent mean±standard deviation of relative ex-
pression of technical triplicates. 
(C) Proliferation rate of S1fl/flS5fl/fl mESCs and three independent S1-/-S5-/- mESCs lines in “serum” during 26 days. 
Mean±standard deviation is depicted. 
(D) Relative expression of pluripotency genes in “serum” S1-/-S5-/- mESCs (1.11, 1.27, 1.35) compared to S1fl/flS5fl/fl 
mESCs. 
(E) Number of significantly differentially expressed genes (DEGs) between the “2i” S1fl/flS5fl/fl and S1-/-S5-/- mESCs per 
biotype. In blue DEGs with P <0.01 and in orange DEGs with P <0.05. 
(F) Enrichment score for SMAD1/5 targets (n=562) identified in mESCs (Fei et al., 2010) calculated using standard 
gene enrichment analysis (Subramanian et al., 2005) (top panel). Mid panel depicts the position of the SMAD1/5 
target hits in the ranked gene list. Genes were ranked by log2 fold-change of expression between S1-/-S5-/- (KO) and 
S1fl/flS5fl/fl (FL) mESCs (bottom panel). A gene with a low rank is more highly expressed in the KO. 
(G) Presence of the putative binding motifs of SMAD1/5 (GGCGCC and GCCG) in the promoter region, defined 
as ± 2Kb from the transcription start site (TSS) of DEGs (P<0.01) between S1-/-S5-/- and S1fl/flS5fl/fl mESCs; and, as 
comparison, presence of the same binding motifs in the promoter region of all genes genome-wide.
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Supplementary Table S4. List of primers used for qPCR and genotyping of Smad1 and Smad5. Related to Figure 2 
and 4.
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DISCUSSION AND FUTURE PERSPECTIVES
The derivation of functional gametes in cell culture, either from pluripotent stem cells 
or from ovarian tissue, is increasingly seen as a potential alternative source of mature 
egg cells and sperm for couples unable to have children due to impaired gametogen-
esis, whether the cause is environmental or biological. In addition, many drugs fail 
during late stages of preclinical development just prior to phase I of clinical trials due 
to unforeseen effects on fertility, mainly spermatogenesis (Semet et al., 2017).  Male 
dogs are the experimental animal of choice by the regulatory authorities and are re-
quired for fertility tests in most countries. At present, there is no accepted alternative, 
but a validated test on human gametes from stem cells would represent a substantial 
advance in time and cost, in much the same way as the potential toxicity of drugs on 
the heart, liver and kidney is being investigated in relevant stem cell derivatives. 
To achieve this, it is crucial to understand the life cycle of the germ cell, from its 
specification to functional activation. Much of what we know about germ cells is 
extrapolated from animal studies, and although these animal models have allowed 
numerous discoveries regarding the germ cell lineage, more recent studies including 
from our own work presented in this thesis are showing that they do not recapitulate 
human development faithfully.
In Chapter 2, the emergence of bona fide hPGCs in an in vitro model of the human 
embryo during the period of implantation was described for the first time. In Chap-
ter 3, a broad panel of markers in a rare 4.5 week-old human embryo was validat-
ed and characterized. A (lack of) specificity was shown in the expression of several 
transcription factors and cell surface membrane markers associated with germ cell 
development. Additionally, in Chapter 4, extensive characterization of the expression 
pattern and subcellular compartmentalization of the PIWIL protein family during 
human development and spermatogenesis was provided. It was shown that there is 
sex-specific compartmentalization of PIWIL proteins in hPGCs, very different to that 
described in the mouse. 
Finally, although not relevant to the main theme of my work on human embryos but 
certainly conceptually relevant for stem cells in both mouse and humans, in Chapter 
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5, it was shown that BMP-SMAD signalling is dispensable for self-renewal in mESCs, 
but plays an important role in lineage priming, as also occurs during early embryonic 
development and PGC specification. 
In the following sections, I discuss these results in more detail in the context of what 
is known from the literature on these processes.
HUMAN BLASTOCYST OUTGROWTHS AS IN VITRO MODEL FOR HUMAN PGC 
SPECIFICATION
Studying the implantation period of human development remains extremely chal-
lenging, mainly because in vivo studies are restricted by ethical and legal concerns 
and the embryos are relatively inaccessible in this period. Since the human germ cell 
lineage is thought to be specified around this time (as in other mammalian species 
like the mouse, pig and monkey (de Sousa Lopes et al., 2004a; de Sousa Lopes et al., 
2007; Kobayashi et al., 2017; Sasaki et al., 2016), in vitro models that could faithfully 
recapitulate human implantation in the dish would be of significant value. 
Recently, methods for extended culture of blastocysts in vitro provided the first op-
portunity to study human development beyond the blastocyst stage (Deglincerti et 
al., 2016; Shahbazi et al., 2016; Shahbazi et al., 2017). These studies demonstrated 
the self-organizing capacity of human blastocyst outgrowths, showing evidence of 
epiblast expansion, trophectoderm diversification and cavity formation. Yet none of 
these studies to date described the emergence of the precursors of PGCs (pPGCs) or 
provided evidence of a PGC population in these outgrowths. To investigate whether 
this system could recapitulate the specification of the germ cell lineage, in Chapter 2 
we adopted a culture system combining features of hESC derivation, by supplemen-
tation with Activin A, which was shown to increase germ cell derivation efficiency 
(Duggal et al., 2013; Duggal et al., 2015), and extended blastocyst culture in vitro to 
examine lineage segregation in human blastocyst outgrowths (12dpf, week (W)2 of 
development).
Immunofluorescence assays are limited by the amount of different antibodies and/
or fluorescence channels that can be used at the same time. Moreover, the use of 
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adequate positive and negative controls are paramount for meaningful evaluation 
of the results. Using a careful selection of antibodies, we described for the first time 
the emergence of bona fide hPGCs in this in vitro model. Our results suggested that 
hPGC delaminate from the POU5F1+ epiblast facing the GATA6+ endoderm around 
12dpf. This is more comparable to the pig, where PGCs have been shown to originate 
from the posterior pre-primitive streak epiblast (Kobayashi et al., 2017), and different 
from the mechanism described in cynomolgus monkey, whereby PGCs appear to be 
specified in the amnion, with POU5F1+ cells facing away from the endoderm (Sasaki 
et al., 2016). This reflects the diverse modalities of cell-fate allocation and embryonic 
patterning between species and emphasizes the necessity for establishing good in 
vitro models for human development. 
Future experiments will reveal whether human pPGCs progress via a mesendoderm 
intermediate, as observed previously for hPSC-derived PGCLCs (Kobayashi et al., 
2017; Sasaki et al., 2016). Interestingly, the emergence of a PGC population at 12dpf 
precedes the onset of gastrulation in the human embryo, which is thought to occur 
at 15-16 dpf (W3 of development) (Bianchi et al., 1993). Nevertheless, the time-point 
for the onset of gastrulation in the human embryo requires validation and this obser-
vation suggests that it might occur earlier than thought until now. 
This model will further allow us to explore the molecular mechanism of human PGC 
specification, both with respect to induction and competence of the cells to respond 
to inductive signals. In mice, BMP4 and BMP8b from the extra-embryonic ectoderm 
together with BMP2 from the visceral ectoderm in combination with WNT3 are nec-
essary for induction of the PGC fate (de Sousa Lopes et al., 2004b; Ohinata et al., 
2008; Ying and Zhao, 2001) while in the cynomolgus monkey it has been suggested 
that BMP4 from the amnion and WNT3A from the cytotrophoblast are the inducers 
of germ cell fate (Irie et al., 2015; Sasaki et al., 2016). Examination and manipulation 
of different signalling pathways using blastocyst outgrowths will allow us to under-
stand which signals are important for the specification of the human germ cell line-
age, and hopefully improve current in vitro models for germ cell derivation. It would 
also be of interest to investigate how Activin A (a surrogate of nodal) influences the 
specification of the PGC population in this model and how it relates to other signal-
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ling pathways involved. 
Although studies during the derivation of human primordial germ cell-like cells 
(hPGCLCs) have allowed identification of SOX17 as a key player (Irie et al., 2015), it 
would be of interest to validate this (together with PRDM1, PRDM14, DDPA3 and 
other transcription factors) using this system. 
Similarly, it would also be of interest to study in detail earlier time-points during in 
vitro culture of the blastocyst outgrowths to unravel when and exactly which lineages 
bear the competence for the germ cell fate.
Nevertheless, we should bear in mind that, in this system, blastocyst outgrowth is 
predominantly as a flattened structure which misses the three-dimensional features 
of implantation and normal development within the uterus. Aberrant development 
and the collapse of cavities may promote abnormal signalling between cells, which 
would normally not be in close proximity in vivo. Efforts to culture blastocysts in 
a 3D-environment, such as Matrigel extracellular matrix in much the same way as 
organoids are cultured (Huch and Koo, 2015) and the inclusion of uterine decidu-
alized stromal cells (Teklenburg et al., 2012) could help further optimization of the 
microenvironment towards developing a realistic model to study peri-implantation 
in humans.
We also should take into consideration that, although promising, the use of surplus 
blastocysts from IVF has associated ethical issues. In addition, couples seeking IVF 
and eventually donating these embryos do have infertility problems that can have a 
genetic origin.  We need to consider that this influences the quality of the embryos 
(surplus embryos can be of low quality and this correlates with the emergence of 
POU5F1+ epiblast as we showed in Chapter 2) and might also influence PGC spec-
ification. The emergence of “synthetic human embryology”, where pluripotent stem 
cell-based models for post-implantation human development and gastruloids are be-
ing established (Etoc et al., 2016; Shao et al., 2016; Shao et al., 2017; Taniguchi et al., 
2015; Thomson, 2016; Warmflash et al., 2014) may help to overcome these issues. 
However, firstly, we do need to demonstrate that these in vitro models closely mimic 
their in vivo counterparts.
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DERIVATION OF HPGCLCS: HOW SIMILAR ARE PGCS IN THE DISH TO EARLY PGCS 
IN THE HUMAN EMBRYO?
There is increasing interest in the production of human gametes by in vitro differ-
entiation of hPSCs. Currently, we either extrapolate knowledge from mouse early 
gametogenesis to understand the identity of hPGCLCs and/or compare hPGLCs to 
in vivo hPGCs using transcriptomic analysis (Bucay et al., 2009; Clark et al., 2004; 
Gkountela et al., 2013; Irie et al., 2015; Kee et al., 2009; Sasaki et al., 2015; Sugawa et 
al., 2015; Tilgner et al., 2008). As already discussed, mouse post-implantation devel-
opment differs significantly from that in humans and other mammals so that studies 
in the early human embryo are necessary, not only to understand the specification 
of hPGCs but also to sufficiently characterise them during migration and gonadal 
colonization, a period where the PGC population expands and undergoes extensive 
genome reprogramming (Anderson et al., 2000; Gkountela et al., 2015; Guo et al., 
2015; Guo et al., 2017; Hargan-Calvopina et al., 2016). It is thus important to prop-
erly replicate this during in vitro derivation of hPGCs. Similarly, transcription does 
not necessarily mean that the protein is present (and functional) and although it was 
shown that hPGCLCs resemble hPGCs in the embryo by transcriptional profiling 
(Gkountela et al., 2015; Guo et al., 2015; Irie et al., 2015; Kobayashi et al., 2017) it is 
vital to have a robust toolbox of antibodies for early migratory hPGCs in vivo to eval-
uate and benchmark the different steps of gametogenesis, as well as to have reliable 
tools to isolate and purify hPGCLCs from differentiated hPSCs. 
In Chapter 3 we tested a panel of 31 different markers in paraffin sections of the cau-
dal part of a single human embryo (4.5 weeks, CS12-13), containing the AGM (aor-
ta-gonad-mesonephros) region, and determined their specificity in identifying mi-
gratory and early colonizing POU5F1+ hPGCs. We showed migratory hPGCs closely 
associated with the hindgut endoderm and surrounding mesenchyme much like 
migratory cyPGCs at E24-E28 (Sasaki et al., 2016), highlighting similarities in the 
migratory pathway of PGCs between primates. Despite limitations of immunofluo-
rescence assays, such as the availability of suitable antibodies and limited adequate 
combinations of antibodies, we have validated the expression of the most commonly 
used PGC markers in a comprehensive and systematic way.
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The specific localization of H3K27me3 that we describe in vivo has not been shown 
during the derivation of hPGCLCs in vitro, and it would be an important feature to 
demonstrate whether differentiating hPGCLCs are undergoing correct reprogram-
ming (von Meyenn et al., 2016). It would also be of interest to investigate the pattern 
of H3K26me3 and 5mC/5hmC in the cynomolgus monkey and other primates to try 
to understand how conserved this mechanism is. 
We found important differences between mice and humans in the expression of mi-
gration-associated molecules, such as CXCR4, CDH1 and CDH2. CXCR4/SDF1 sig-
nalling is a conserved mechanism of PGC migration and survival in different models 
like the mouse (Molyneaux et al., 2003), Xenopus (Takeuchi et al., 2010), zebrafish 
(Knaut et al., 2002) and chicken (Lee et al., 2017). These results are intriguing and 
should be further investigated. Efficient and reliable protocols for in vitro differentia-
tion of hPGCLCs, in vitro models of germ cell specification (Chapter 2) with molec-
ular techniques and studies in cell migration models in culture should resolve this.
We also show that surface markers commonly used to sort hPGCs/hPGCLCs by 
FACS, like ALPL, KIT and ITGA6, identified hPGCs, but also recognized other cell 
types in the caudal/AGM region. Others like TUBB3, KIT and SOX17 marked addi-
tional progenitor cell types. Therefore, a combinatorial use of markers is necessary to 
unambiguously identify hPGCs or hPGCLCs. 
Taken together, the data presented in Chapter 3 suggests that mPGCs and hPGCs 
may respond to different cues to migrate and hence express different surface markers, 
highlighting the need for functional studies and the validation of in vitro discoveries 
in the human. Similarly, transcription factors are usually not solely involved in the 
specification of a single lineage and cells can share the expression of many markers, 
hence a careful and thoughtful choice of markers is crucial when studying in vitro 
differentiation. 
IN VITRO GAMETOGENESIS, GENOMIC STABILITY AND MEIOSIS
Germ cells are the vehicles through which genetic and epigenetic information is 
passed from one generation to the next. Therefore it is extremely important to ensure 
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the genomic stability of PGCs.
During the main epigenetic remodelling events that PGCs undergo, global DNA 
methylation levels are low, and thus the genome is vulnerable to random integration 
by repetitive transposable elements (TE) that are usually repressed (Yang and Wang, 
2016). In vivo, TEs are silenced by PIWIL (P-element induced wimpy testis-like) 
(Aravin et al., 2008; Kuramochi-Miyagawa et al., 2008; Siomi et al., 2011). Anoth-
er critical period for genome integrity is during and after the pachytene-phase of 
meiosis, when synapsed sister chromatids exchange chromosome segments. PIWILs 
have prominent roles during gametogenesis in the mouse, particularly during meio-
sis (Aravin et al., 2009; Carmell et al., 2007) and although piRNAs (small no-coding 
RNA, that form piRNA-induced silencing complexes together with PIWIL proteins) 
have been detected in the human (Roovers et al., 2015), PIWIL proteins expression 
has not been systematically studied during human gametogenesis.
In Chapter 4 we described for the first time the dynamic expression and subcellu-
lar compartmentalization of PIWIL1, PIWIL2, PIWIL3 and PIWIL4 during human 
germ cell development and spermatogenesis. We have also shown that there are im-
portant differences between the mouse and human regarding PIWIL proteins expres-
sion. It is known that in vitro culture conditions influence the genomic integrity of 
hESCs and hiPSCs (Tesarova et al., 2016; Tosca et al., 2015; Weissbein et al., 2017). In 
particular, iPSCs can accumulate mutations during reprogramming and prolonged 
proliferation in culture, and they can carry epigenetic memory related to their cell of 
origin, such as aberrant methylation (there are hiPSCs-specific aberrant methylation 
hotspots) (Merkle et al., 2017; Panopoulos et al., 2017; Tesarova et al., 2016). There-
fore, it is crucial to be able to evaluate genomic integrity during hPGC derivation. 
Evaluating the expression of PIWIL proteins during in vitro gametogenesis will help 
provide clues regarding the quality of the gametes generated via this process.
On the other hand, although we can derive hPGCLCs in culture using current proto-
cols, we are not able to proceed beyond meiosis. Even in the mouse, a step of co-cul-
ture with gonadal somatic cells or granulosa cells is necessary (Hayashi et al., 2011; 
Hikabe et al., 2016; Qing et al., 2007). Genetic and molecular studies using organoids 
where stem cell-derived hPGCLCs and stem cell derived-gonadal cells are mixed in 
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order to induce meiosis, would be able to identify key molecular regulators of mei-
osis. The correct expression, at the correct cellular compartment, of the PIWIL pro-
teins in these models will help to evaluate if meiosis progresses as it should.
BMP SIGNALLING, PLURIPOTENCY AND PGCLC INDUCTION IN VITRO
The establishment of pluripotent stem cell lines in vitro allowed us a preview of ear-
ly embryonic development and ultimately contributed to the understanding of the 
regulatory networks involved in the differentiation and maturations of different cell 
and organ lineages. Germ cells are specified early during embryonic development 
(Bertocchini and Lopes, 2016; Extavour and Akam, 2003). To understand how to 
differentiate functional gametes in the dish we first need to understand how devel-
opmental choices are made; in other words, we need to understand the fundaments 
of pluripotency, how it is regulated and how this translates into cells during culture. 
Pluripotent mouse embryonic stem cells (mESCs) during in vitro culture exist in 
different states that are interconvertible: naïve, ground and primed. These states rep-
resent their developmental origin and have different signalling requirements and 
different transcriptional and epigenomic profiles (Marks et al., 2012; Weinberger et 
al., 2016). More interestingly, naïve mESCs show high degrees of heterogeneity re-
garding the expression of transcription factors and are composed of different sub-
population of cells that fluctuate between ICM-like and epiblast-like pluripotency, 
while ground state mESCs are viewed as a more homogeneous ICM-like population 
(Papatsenko et al., 2015). The generation of mouse PGCs in vitro requires an initial 
step where mESCs are converted into epiblast-like stem cells (EpiLCs) (Hayashi et al., 
2012; Hayashi et al., 2011). Interestingly, the efficiency of derivation drops dramat-
ically if mEpiSCs are used as initial population (Hayashi et al., 2011). This suggests 
that somewhere during the transition from naïve to primed pluripotency, compe-
tence for PGC induction is acquired in culture much as in vivo.
BMP signalling plays an important role in the specification of the germ cell progeni-
tor population in the early embryo and has also been implicated in the maintenance 
of pluripotency during in vitro culture of mESCs (Li et al., 2012; Ying et al., 2003; 
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Zhang and Li, 2005). In Chapter 5 we analysed the requirement of BMP-SMAD sig-
nalling to keep pluripotency in naïve and ground state culture conditions. By using 
a reporter cell line, BRE:gfp, that allowed us to follow in real-time the activity of 
SMAD-mediated BMP signalling during mESC cell culture, we observed that the 
pathway is heterogeneously activated in naïve (cultured in the presence of LIF and 
serum) but not in ground state (cultured in 2i+LIF) mESCs, being linked to the dif-
ferentiation potential of mESCs and not self-renewal per se. Previous studies regard-
ing heterogeneity of TFs in mESCs show that this partially mimics early embryonic 
development, particularly the time-points of lineage segregation (Osorno and Cham-
bers, 2011) and probably reflects important developmental cues. This is of particular 
interest for developmental studies, but not so convenient when the goal is to achieve 
highly efficient differentiation in vitro. 
It would be of interest to examine real-time BMP-SMAD signalling during the der-
ivation of mPGCLCs using this cell line (mESCs BRE::gfp) to understand the dy-
namics involved and which population would differentiate into mPGCLCs during 
the process. Similarly, the establishment of a hESCs/hiPSCs reporter line using the 
BRE:gfp could help us to understand the similarities and differences with the mouse 
and the importance of BMP signalling in naïve and primed hESCs/hiPSCs.
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SAMENVATTING
Om functionele gameten in vitro te kunnen afleiden moeten we eerst kiemcel-lijnen 
en zijn ontwikkeling begrijpen.  De meeste van de huidige kennis met betrekking tot 
humane kiemcellen (hPGC’s) is geëxtrapoleerd van verschillende diermodellen. Ech-
ter, zoals wordt gedemonstreerd in dit proefschrift en in andere publicaties, zijn er 
belangrijke verschillen tussen diersoorten. Vanwege de ethische kwesties en schaarste 
van humaan embryonisch weefsel worden veel belangrijke tijdspunten in het leven 
van een humane kiemcel slecht begrepen.
In dit proefschrift worden meerdere kritische tijdspunten van humane kiemce-
lontwikkeling behandeld. Kiemcellen worden gespecificeerd tijdens de vroege em-
bryonische ontwikkeling - rond het begin van de gastrulatie. Tot recentelijk, bleef hu-
mane gastrulatie ontoegankelijk. In hoofdstuk 2, gebruiken we een cultuursysteem 
welke in vitro aspecten van humane embryonische stamcel (hESC’s) afleiding, (door 
suppletie met Activin A), combineert met verlengde blastocyst-cultuur om de celli-
jnsegregatie te kunnen onderzoeken (12dpf, days post-fertilization). Met dit model, 
hebben wij, voor de eerste keer, de verschijning van echte hPGC’s aangetoond.  Door 
gebruik van een combinatie van selecte antilichamen, konden wij PGC’s ondersc-
heiden van epiblast en endoderm in het blastocyst. De data suggereert dat humane 
PGC’s delamineren van de POU5F1+ epiblast gericht op de GATA6+ endoderm rond 
12dpf.
In hoofddtuk 3 worden migrerende en vroeg post-migratie hPGC’s uitgebreid geka-
rakteriseerd in een zeldzaam 4,5 weken oud humaan embryo. Een breed paneel van 
markers zijn gekarakteriseerd en gevalideerd in de aorta-gonad-mesonephros regio 
van een CS 12-13 humaan embryo en het is aangetoond dat er een overtolligheid 
bestaat aan expressie van een aantal transcriptie factoren en celoppervlaktemarkers 
tijdens deze stadia. De data suggereert ook dat muis en humane PGC’s mogelijk op 
andere migratie signalen reageren en daarom verschillende celoppervlaktemarkers 
tot expressie brengen, wat de noodzaak benadrukt voor functionele in vitro studies 
(en de validatie hiervan) in humaan weefsel. De epigenetisch markers H3K27me3 
en 5mC (globale DNA methylisatie) waren voldoende om de POU5F1+ hPGC’s te 
onderscheiden van de omliggende somatische cellen. 
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In hoofdstuk 4 wordt een uitgebreide karakterisatie van het expressiepatroon en sub-
cellulaire     compartimentalisatie van de PIWIL eiwit familie gedurende humane em-
bryonische ontwikkeling en spermatogenese uitgevoerd. De data laat geslachtsspec-
ifiek compartimentalisatie van PIWIL eiwitten in hPGC’s zien, wat zeer verschillend 
is vergeleken met wat in muizen beschreven is.  In zowel mannelijke als vrouwelijke 
late kiemcellen, is PIWIL4 maar niet PIWIL2 aanwezig in het intermitrocondriaal 
cement, in wederzijds exclusieve compartimenten in oocyten in primordiale follikels. 
In vrouwelijke meiotische kiemcellen, beschrijven we, voor de eerste keer, de accu-
mulatie van PIWIL1 in een enkelvoudige compacte korrel welke gelijkenissen ver-
toont in vorm en lokalisatie met het mannelijk-specifieke satellite-body en choma-
toid-body. PIWIL3 was alleen tot expressie gebracht in groeiende oocyten.
Meerdere studies suggereren dat ergens  gedurende de transitie van naïef tot primed 
pluripotentie competentie voor PGC-inductie wordt verworven in cultuur, in parallel 
met wat er in vivo gebeurt. In hoofdstuk 5, worden de vereisten van BMP-SMAD sig-
nalering geanalyseerd om pluripotentie in de naïeve en grondtoestand-cultuurcon-
dities te houden. We lieten tijdelijke activatie zien van de BMP-SMAD signalering-
pathway in mESC’s welke een BMP-SMAD responsieve reporter transgeen bevatten. 
Activatie van de BMP-SMAD reporter transgeen in naïeve mESC’s correleerde met 
lagere niveaus van genomische DNA methylatie, hoge expressie van 5-methylcyto-
sine hydroxylases Tet1/2 en lage niveaus van  DNA methyltransferasen Dnmt3a/b. 
Met behulp van dubbele Smad1:Smad5 knockout mESC’s hebben we aangetoond dat 
BMP-SMAD signaleren overbodig is voor zelfvernieuwing in muizen ESC’s (in zowel 
de naïeve als de grondtoestand), maar een belangrijke rol speelt in lineage priming, 
zoals ook gebeurt gedurende vroege embryonisch ontwikkeling en PGC specificatie. 
De data suggereert dat BMP-SMAD signalering lineage priming in mESC’s modu-
leert door kortdurende regulatie van de enzymatische machinerie verantwoordelijk 
voor DNA methylisatie.  
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SUMMARY
In order to derive functional gametes in vitro, we first need to understand germ cell 
lineage and its development. Most of the current knowledge regarding human germ 
cells (hPGCs) is extrapolated from different animal models. As shown in this thesis 
and other recent publications, there are important species differences that need to 
be addressed.  Due to the ethical nature and scarcity of human embryonic material 
many important time-points in the life of a human germ cell are poorly understood. 
In this thesis, several critical time-points of human germ cell development are ad-
dressed. 
Germ cells are specified during the early stages of embryonic development, around 
the gastrulation onset. Until recently, gastrulation in the human remained inacces-
sible.  In Chapter 2, we adopted a culture system combining features of human em-
bryonic stem cells (hESCs) derivation, by supplementation with Activin A, and ex-
tended blastocyst culture in vitro to examine lineage segregation in human blastocyst 
outgrowths (12dpf, day post-fertilization). We show, using this model, emergence of 
bona fide hPGCs for the first time.  Using a combination of selected antibodies, we 
were able to distinguish PGCs from epiblast and endoderm in blastocyst outgrowths. 
These data suggested that human PGC delaminate from the POU5F1+ epiblast facing 
the GATA6+ endoderm around 12dpf. 
In Chapter 3, migratory and early post-migratory hPGCs were extensively char-
acterized in a rare 4.5 week-old human embryo. A broad panel of markers were 
characterized and validated in the aorta-gonad-mesonephros region of a CS 12-13 
human embryo and it was shown that there is redundancy in the expression of sev-
eral transcription factors and cell surface membrane markers at this stage. The data 
also suggests that mouse and human PGCs may respond to different cues to mi-
grate and hence express different surface markers, reinforcing the need of function-
al studies and the validation of in vitro discoveries in human tissue. The epigenetic 
marks H3K27me3 and 5mC (global DNA methylation) were sufficient to distinguish 
POU5F1+ hPGCs from the surrounding somatic cells. 
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In Chapter 4 an extensive characterization of the expression pattern and subcellular 
compartmentalization of the PIWIL protein family during human embryonic devel-
opment and spermatogenesis was performed. The data showed a sex-specific com-
partmentalization of PIWIL proteins in hPGCs, very different to that described in the 
mouse. Both in male and female late germ cells, PIWIL4 but not PIWIL2 was pres-
ent in the intermitochondrial cement, occupying mutually exclusive compartments 
in oocytes in primordial follicles.  In female meiotic germ cells, we described for 
the first time the accumulation of PIWIL1 in a single condensed granule that bears 
similarities in terms of shape and localization to the male-specific satellite-body and 
chromatoid-body. PIWIL3 was only expressed in growing oocytes.
Several studies suggest that at some point  during the transition from naïve to primed, 
pluripotency competency for PGC induction is acquired in culture, in parallel with 
what happens in vivo. In Chapter 5, requirement of BMP-SMAD signalling to keep 
pluripotency in naïve and ground state culture conditions was analysed. We showed 
transient activation of the BMP-SMAD signalling pathway in mESCs containing a 
BMP-SMAD responsive reporter transgene. Activation of the BMP-SMAD report-
er transgene in naïve mESCs correlated with lower levels of genomic DNA meth-
ylation, high expression of 5-methylcytosine hydroxylases Tet1/2 and low levels of 
DNA methyltransferases Dnmt3a/b. Using double Smad1;Smad5 knockout mESCs 
we showed that BMP-SMAD signalling is dispensable for self-renewal in mouse ESCs 
(both in the naïve and ground state), and plays an important role in lineage priming, 
as also occurs during early embryonic development and PGC specification. These 
data suggested that BMP-SMAD signalling modulates lineage priming in mESCs, by 
transiently regulating the enzymatic machinery responsible for DNA methylation.
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